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EXECUTIVE SUMMARY

Large areas of the East Mojave National Scenic Area (EMNSA) contain indications of metallic
mineralization of various types that are younger than the rocks that host them. These metallic
indications can be classified into approximately 20 specific types of metallic occurrences that are
known to show extremely wide-ranging grades and tonnages. Among the types of metallic
occurrences recognized are polymetallic vein; low-sulfide, gold-quartz vein; polymetallic
replacement; gold breccia pipe; gold-silver, quartz-pyrite vein; polymetallic fault and skarn; copper,
zinc-lead, tungsten, tin-tungsten, and iron skarn; porphyry molybdenum-copper; and epithermal
quartz-adularia (alunite) gold. Most of the approximately 700 individual mineral occurences
known have been extensively prospected for more than a century, and at least 15 percent of them
have been credited with some production, mostly of minor quantities of metal. Nonetheless, it is
possible that economically significant concentrations of some metals remain to be discovered in the
EMNSA, or that some known occurrences will become economic in the future. In recent years
gold ore bodies at three relatively large deposits in the EMNSA (Castle Mountain, Colosseum,
Morning Star) have been brought into production, and their current combined gold production and
reserves are much greater than that of all the preceding discoveries of gold. This is partly a
reflection of the present availability of heap-leaching extraction methods. Some of the mountain
ranges that have widespread metallic occurrences and show geochemical anomalies in various
sample media are the Providence Mountains, Clark Mountain Range, Ivanpah Mountains, and the
New York Mountains. In addition, the general area of Hackberry Mountain lacks abundant
metallic occurrences although it is included in a tract judged to be favorable for the discovery of
epithermal, volcanic-hosted gold deposits. These five mountain ranges make up a broad, roughly
north-south trending region in the central part of the EMNSA. Much less endowed with known
occurrences of all of the various types of deposits considered above are the Granite Mountains, the
central parts of the Piute Range, the Fenner Valley area, the general area of Cima Dome, Old Dad
Mountain area and areas west to Soda Lake, and the Cima volcanic field. These areas lie in the
western and eastern parts of the EMNSA.

We have made some judgments concerning the gravel-covered areas in the EMNSA, including
the areal extent of pediment surfaces apparently covered only by thin veneers of gravel. But there
are few data available to us for most of the covered areas. The presence of mineralized rocks, the
type of mineral occurrence, and the extent and intensity of the mineralized rocks in the covered
areas are essentially unknown. Most covered epigenetic mineral deposits do not respond to the
standard geophysical methods evaluated in this study, particularly at the broad spacing of our data-
collection points.



Restricting estimates concerning the presence of undiscovered metal resources in the EMNSA
only to many of the currently known types of occurrences would yield small estimates for the
volumes of many metals that might be exploited there at some future date, provided that tonnages
of most previously discovered deposits in the EMNSA are indicative of the tonnages of deposits
still to be discovered. Metals from any newly discovered base-metal deposit of the types presently
known in the EMNSA probably would be insignificant from the standpoint of national needs. For
example, copper from a newly discovered skarn deposit in the EMNSA would have roughly a 50
percent chance of being in excess of approximately 10,000 tonnes contained copper. In 1989,
domestic production of copper amounted to 1,500,000 tonnes of copper.

Based on the geologic environments of large recently discovered deposits of gold in the
EMNSA, however, some parts of the EMNSA appear to include mineralized environments capable
of hosting significant undiscovered gold and silver resources. In addition, the widespread
distribution in many parts of the EMNSA of geochemically anomalous samples and numerous
mineral occurrences, many of which are associated with the emplacement of igneous rock
(including copper skarn, lead-zinc skarn, tin-tungsten skarn, polymetallic vein, gold-silver quartz-
pyrite vein, low-fluorine porphyry molybdenum, gold breccia pipe, volcanic-hosted gold),
indicates metallogenic environments in those parts of the EMNSA that may be the sites of
additional future discoveries of types of mineral deposits that are not now recognized.

INTRODUCTION

The East Mojave National Scenic Area (EMNSA), designated on January 13, 1981 (46 Federal
Register 3994) by the Secretary of Interior and modified on August 9, 1983 (48 Federal Register
36,210), encompasses approximately 1.5 million acres of federal, state, and private land in the
Mojave Desert of southern California. The lands are in northeastern San Bernardino County,
adjacent to the Nevada border, and about halfway between Las Vegas and Barstow (fig. 1).

The EMNSA is part of the California Desert Conservation Area that in total comprises about 25
million acres in southern California. Established by Congress in 1976 under Section 601 of the
Federal Land Policy and Management Act, about half of the Conservation Area is public land
administered by the Bureau of Land Management (BLM). BLM completed a comprehensive plan
for multiple use of the entire area in 1980. Numerous sites considered by BLM to be Areas of
Critical Environmental Concern are scattered throughout the conservation area and several are
within the EMNSA.

In 1986 the California Desert Protection Act was first introduced in Congress by California's
Senator Alan Cranston and Representative Mel Levine. Under this Act, recently reintroduced in
the 102nd Congress as Senate Bill 21 on January 14, 1991, approximately 4.5 million acres of the



Conservation Area, including the EMNSA, would be transferred to the National Park Service and

attain National Park status. The California Desert Protection Act of 1991, House Resolution 2929,

sponsored by Representatives Mel Levine, Richard H. Lehman, and George Miller, was

introduced in July, 1991. This Resolution designates 77 areas, totaling approximately 4.4 million

acres, to be part of the National Wilderness Preservation System. Under this Resolution, the

approximately 1.5 million acres of the EMNSA would be designated a National Monument and

would include 700,000 acres of Wilderness. As proposed in House Resolution 2929, withdrawal

of the lands as a National Monument would permit mining only on existing, valid mining claims

and would preclude any further entry under the mining laws of the United States. On July 26,

1991, President George Bush recommended, under a proposed California Public Lands

Wilderness Act, that approximately 2.24 million acres in 62 areas in California be added to the

National Wilderness Protection System. This latter recommendation has been put forward in the

House of Representatives as House Resolution 3066, sponsored by Jerry Lewis, William M.

Thomas, Al McCandless, and Duncan L. Hunter. Most of the 62 areas are in the southern
California desert, and six of them (CDCA--239,--250, --256,--262,--263, and--266) are in the
EMNSA. In order that the available mineral-resource data base be as complete as possible before

the bills are considered for action by Congress, this report presents an evaluation of known and

unknown mineral resources of the EMNSA by the U.S. Geological Survey as a consequent

progression of investigations by the U.S. Bureau of Land Management (1980; 1982) and recently
completed studies by the U.S. Bureau of Mines (1990a; Schantz and others, 1990). As pointed
out by Weldin (1991), a few parts of the California Desert Conservation Area, generally outside

the EMNSA, are among the most highly mineralized regions in the nation.
The EMNSA includes the following units of the California Desert Conservation Area, all of
which were initially considered BLM Wilderness Study Areas:

CDCA--227
CDCA--235A
CDCA--237
CDCA--237A
CDCA--237B
CDCA--238A
CDCA--238B
CDCA--239
CDCA--243
CDCA--244
CDCA--245
CDCA--249

Clark Mountain
Shadow Valley
Magee-Atkins
Deer Spring
Valley View
Teutonia Peak
Cima Dome
Cinder Cones
0Old Dad Mountain
Rainbow Wells
Eight-Mile Tank
Kelso Mountains



CDCA--250 (part) Kelso Dunes

CDCA--256 (part) Bristol-Granite Mountains
CDCA--262 South Providence Mountains
CDCA--263 Providence Mountains
CDCA--264 Mid Hills

CDCA--265 New York Mountains
CDCA--266 Castle Peaks

CDCA--267 Fort Piute

CDCA--270 Table Mountain

CDCA--271 Woods Mountains
CDCA--272 Signal Hill

After preliminary examination of these lands with respect to the extent of their existing use and
state of degradation, BLM recommended the following as "suitable" for designation as wilderness:
CDCA--237A
CDCA--239
CDCA--250 (part)
CDCA--256 (part)
CDCA--262
CDCA--263
CDCA--266
CDCA-267

The known mineral resources of these eight areas, as well as of all others so recommended
within the California Desert Conservation Area, were examined by the U.S. Geological Survey
and the U.S. Bureau of Mines. A Mineral Summary was prepared as Background Data for the
California Desert Protection Act of 1987 (v. 1-2, U.S. Department of Interior, U.S. Bureau of
Mines and U.S. Geological Survey, May, 1988). These studies were, necessarily, cursory and
recommended additional investigations prior to any land-use decisions, particularly where
substantial mineral resources were identified.

This report presents an evaluation of the potential for discovery of additional metallic mineral
resources specifically within the EMNSA, based on geologic analysis that has included field work,
primarily by other geologists during their assembly of a regional geologic map. Those geologic
investigations also included study of the mineral resources of many individual areas within the
EMNSA. Known mineral occurrences are classified by deposit type insofar as possible, and tracts
of ground that are permissive geologically for additional discoveries of such deposits are outlined,
with discussion of the characteristics of the types of mineral deposits and degree of favorability
where we judge the information suitable for us to make such evaluations. The section below titled



"Evaluation of Metallic Mineral Resources In the EMNSA" includes definitions of many terms,
such as mineral occurrence and mineral deposit, used throughout the report.

This report was assembled under the Southern California mineral-resource framework and
assessment project, supervised by Richard M. Tosdal of the Menlo Park, Calif., Section of the
Western Mineral Resources Branch, in response to a request from the National Mineral Resource
Assessment Program (NAMRAP), currently chaired by Joseph A. Briskey, Jr., Reston, Va.
Specific contributions to the report include the following: (1) machine-generated plots of mineral
deposits and files of geochemical data by Kenneth R. Bishop; (2) description of Early Proterozoic
geology and metallogeny by Clay M. Conway; (3) areas of pediment and thin alluvial cover and
local provenance of alluvial materials by John C. Dohrenwend; (4) Latest Proterozoic, Paleozoic,
and Mesozoic geology and the geology of carbonatite-related, rare-earth element (REE) deposits in
the general area of Mountain Pass by Gordon B. Haxel; (5) discussion of gravity and magnetic
surveys by John D. Hendricks; (6) introductory remarks and the geology of gold breccia pipes and
their related veins by Carroll Ann Hodges; (7) inferred isopachs showing depths to basement rocks
in the valley-fill areas by Robert C. Jachens; (8) machine-generated geologic map of the EMNSA
by Robert J. Miller and David M. Miller; (9) geology of Tertiary rocks by Robert J. Miller; (10)
implications of aerial gamma-surveys by Joseph S. Duval; (11) Landsat thematic mapper surveys
by Marguerite J. Kingston, Shirley L. Simpson, and Marty Power; (12) discussion of geochemical
surveys by Gary A. Nowlan; (13) descriptive geology of epithermal, volcanic-hosted gold deposits
by James J. Rytuba; (14) various other aspects concerning the evaluation of metallic mineral
resources by Richard M. Tosdal and Ted G. Theodore; (15) delineation of permissive terranes and
favorable tracts by most of the above-named individuals; and (16) preparation of many of the
illustrations by Diana L. Mangan. All of the contributors responded admirably and in a timely
manner to the schedule requirement of this report. The U.S. Geological Survey wishes to express
its appreciation to the personnel of the U.S. Bureau of Mines for providing copies of their field
examinations in the EMNSA (U.S. Bureau of Mines, 1990a; Schantz and others, 1990) as soon as
they were available. In particular, we wish to thank Linda R. Gray of the Western Field
Operations Center, Spokane, Wash., of the U.S. Bureau of Mines for providing us with the
machine-readable files and paper copies of the above reports.

GENERAL GEOLOGIC SETTING

The EMNSA lies in the northeastern Mojave Desert (figs. 2, 3), a large physiographic province
in southern California that is defined by its Neogene geologic history. The desert physiography
consists of ranges that are separated by basins either filled by alluvial material or underlain at
shallow depths by pediments. In the EMNSA some ranges attain elevations greater than 7,000 ft,



some 5,000 ft above the alluvial valley floors; extensive range-fringing pediments are present and
some spectacular pediment domes are developed.

The diverse geologic history of the EMNSA spans at least 1,760 million years (m.y.). The
oldest rocks are Early Proterozoic gneisses that underlie much of the northern part of the area.
These rocks underwent regional metamorphism at high metamorphic grades at about 1,700 million
years (Ma), and were subsequently intruded by granitic rocks from about 1,695 to 1,650 Ma, and
intruded again at about 1,400 Ma by granitic rocks and at 1,100 Ma by diabase. Unique
carbonatites and alkaline igneous rocks compose a part of the 1,400 Ma-intrusive episode. Latest
Proterozoic, Paleozoic, and Early Mesozoic sedimentary strata were deposited unconformably
across the Proterozoic gneissic and granitic rocks (fig. 3). These sedimentary rocks formed in
marine and, less commonly, continental environments along the western edge of the North
America craton and represent the transition from the cratonal sedimentary sequence on the
southeast to a miogeoclinal sequence on the northwest.

Beginning in the mid-Mesozoic, widespread magmatism affected the region (fig. 3). Triassic
volcanic rocks, locally present in several ranges in the western part of the EMNSA, represent the
oldest products of this magmatism. Jurassic volcanism and plutonism produced rocks with slight
alkalic affinities that lie along the eastern edge of the magmatic arc of that age. Subsequent
plutonism in the Cretaceous is characterized by rocks of calc-alkaline affinities, typical of
batholithic rocks within the cores of continental magmatic arcs. During the middle to late
Mesozoic, the interior of the Cordillera underwent shortening along the fold and thrust belt. Thrust
slices within this belt in the EMNSA involve the cratonal Proterozoic basement and locally some of
the Mesozoic plutonic rocks.

A period of tectonic quiescence characterized the region in the early Cenozoic. In the Miocene,
volcanism became widespread along the southern and eastern parts of the EMNSA and possibly
elsewhere. Significant extensional deformation occurred in the Miocene in areas largely just
outside of and in northern parts of the EMNSA, along the lower Colorado River to the east, and in
the central Mojave Desert to the southwest (fig. 3). This deformation is characterized by the
structural superposition of intensely-faulted, upper-crustal rocks on top of middle-crustal rocks
along regionally subhorizontal detachment faults, several of which project underneath the rocks
exposed in the EMNSA. The EMNSA, however, apparently escaped much of this intense
extensional deformation. High-angle faults cut several of the ranges, and many of them possibly
have undergone several ages of movements ranging back to Mesozoic time. Some faults are of
local importrnce to the physiographic development of the ranges and basins, and in places, seem to
have controlled the emplacement of various kinds of ore bodies.

In the late Miocene, extensive erosion produced broad pediment domes in the northwestern part
of the area. Alkali basaltic volcanism followed pediment formation in the late Miocene and



Pliocene. Erosion during the Quaternary has continued to degrade the pediment domes and
mountain ranges and to supply sediment to the valleys.

PROTEROZOIC ROCKS AND THEIR MINERALIZATION

Early Proterozoic

Early Proterozoic rocks in the EMNSA constitute a third or more of the area of bedrock
exposure (pl. 1; fig. 4). These rocks received very little attention until the past few years. Prior to
the recent studies, the most extensive regional mapping was by Hewett (1956), who mapped the
northern three-fourths of the EMNSA at 1:125,000 and who included all the Proterozoic rocks
either in a gneiss and granite unit or in a syenite and shonkinite unit. The latter unit, which
includes small bodies at Mountain Pass, is described below. Hewett gave brief descriptions of the
Proterozoic rocks at various localities. Other mapping studies of the area through the 1970s
(northern Providence Mountains, Hazzard, 1954; Mountain Pass area of Clark Range, Olson and
others, 1954; Clark Range, Clary, 1967; Clark Range and Ivanpah Mountains, Burchfiel and
Davis, 1971; McCullough Range, Bingler and Bonham, 1972; Old Dad Mountain, Dunne, 1977)
generally show only one or few map units for Early Proterozoic rocks and give similarly sketchy
lithologic and petrographic descriptions. These early studies provided little information on Early
Proterozoic structures, relative age relations of rock types, conditions of metamorphism, or
petrologic characteristics. Reviews of the east Mojave Desert region (Miller, 1946; McCulloh,
1954; Burchfiel and Davis, 1981) emphasized the paucity of data on the Early Proterozoic rocks
and the need for further research. Reconnaissance geochronologic studies (Wasserburg and
others, 1959; Silver and others, 1961; Lanphere, 1964) established that the crystalline Proterozoic
rocks in the Death Valley and eastern Mojave Desert regions were approximately 1.7 to 1.6 billion
years old (Ga).

Geologic mapping and geochronologic, isotopic, and petrologic studies during the 1980s
focused on the Early Proterozoic crystalline complex of the eastern Mojave Desert region and have
led to major advances in understanding the Early Proterozoic crustal evolution of this region and
the southwestern United States. Geologic mapping in the study area and nearby areas (New York
Mountains, Miller and others, 1986; Providence Mountains, Goldfarb and others, 1988; Turtle
Mountains, Howard and others, 1988; McCullough Range, Anderson and others, 1985) locally
has resulted in the extensive subdivision of the Early Proterozoic rocks. Moreover, Wooden and
Miller (1990) summarized the Proterozoic evolution of this part of the Mojave Desert.



The Early Proterozoic rocks of the EMNSA consist of high-grade tectonized supracrustal and
plutonic rocks intruded by younger plutonic rocks deformed in a subsequent Early Proterozoic
orogenic event. Recent petrologic studies (Elliot, 1986; Elliot and others, 1986; Thomas and
others, 1988; Young and others, 1989; Young, 1989) have shown that supracrustal rocks of the
New York Mountains and McCullough Range underwent granulite facies metamorphism at low
pressure. Protoliths for the gneisses are variable, including a range of sedimentary, volcanic, and
plutonic rock types (DeWitt and others, 1984, 1989; Miller and others, 1986; Wooden and Miller,
1990; Nielson and others, 1987; Hewett, 1956; Hazzard and Dosch, 1937; Anderson and others,
1985; Bender and Miller, 1987; Goldfarb and others, 1988). Interpreted sedimentary rock types
are fine-grained aluminous and quartz-rich rocks such as shale and siltstone, immature sandstone,
volcaniclastic sandstone, and less common quartzite. Volcanic protoliths are most commonly of
felsic compositions, dacites and rhyodacite, though locally there appears to have been sparse to
abundant mafic and ultramafic rocks within the rock sequences. Some of the interpreted volcanic
rocks could have been intrusive, rather than extrusive in origin. This is apparently the case in the
Providence Mountains and Mid Hills, where a bimodal suite of felsic and mafic gneisses could,
based upon the available compositional data, represent volcanic rocks, intrusive rocks, or immature
clastic sedimentary rocks such as graywacke, or some a combination of them all (Wooden and
Miller, 1990). Metamorphosed plutons range from gabbroic to granitic compositions for the
1,760-1,730-Ma suite of metamorphosed plutons; the post 1,730-Ma suite is mostly granite.
Those igneous rocks of intermediate composition are apparently most abundant (Wooden and
Miller, 1990).

The EMNSA and nearby areas in southeastern California, southern Nevada, and northwestern
Arizona are underlain by Early Proterozoic crust (Mojave crustal province of Wooden and Miller,
1990) that is isotopically and chronologically anomalous compared to Early Proterozoic crust
throughout the rest of the western United States. Neodymium crust-formation model ages of 2.0
to 2.3 Ga in the Mojave crustal province suggested to Bennett and DePaolo (1984, 1987) that this
terrane formed from the mantle at 2.0 to 2.3 Ga or that the terrane formed at approximately 1.9 to
1.65 Ga and incorporated a significant component of Archean crust. Because of the general lack of
crystallization in the 2.3 to 2.0 Ga range, Bennett and DePaolo (1987) preferred the latter
interpretation and furthermore suggested that this terrane was transported on a left-lateral fault at
least 400 km from the north where it formed against and incorporated Archean crust. Lead isotope
characteristics (Wooden and others, 1988; Wooden and Miller, 1990) require that the Mojave
crustal province incorporated lead from an Archean reservoir; lead in ~1.7-Ga-rocks is more
radiogenic than expected if it were derived directly from the mantle. The Nd model ages coupled
with U-Pb zircon data suggest 1.7 to 2.2 Ga as the likely age for an event in which Archean clastic
material, probably from the Wyoming Province, was subducted allowing addition of radiogenic



lead into the mantle from which the Mojave crustal province was derived (Wooden and Miller,
1990). Wooden and Miller suggest that the formation cycle of the crust started about 2.2 Ga.

New U-Pb zircon data which constrain these crust-formation models come mostly from the
New York and Ivanpah Mountains (Wooden and Miller, 1990). The oldest ages reported from the
Mojave crustal block are between 2.09 to 2.30 Ga, based on the 207Pb*/206Pb* ages of zircons
from altered siliceous volcanic(?) rock in the Turtle Mountains, approximately 50 km south-
southeast of the EMNSA. Uranium-lead ages for these same zircons range from 1.77 to 2.15 Ga.
Migmatitic banded gneiss in the New York and eastern Ivanpah Mountains (pl. 1) give
207pp*/206Pb* ages that range from 1.70 to 1.97 Ga. Discordant and complicated U-Pb data on
these rocks suggest that zircon growth may have occurred more than 2.0 Ga ago and again at about
1,705 Ma during the Ivanpah orogeny, a regional metamorphic event as high as granulite facies.
Wooden and Miller (1990) suggest that the protolith of the gneiss was likely a mixed supracrustal
sequence of volcanic and associated immature sedimentary rocks. A minimum age for rocks of
sedimentary protolith is 1.76 Ga, the age of a gabbro-diorite-granite plutonic suite that intrudes the
layered gneiss in the Ivanpah Mountains; a source region must contain rocks at least 1.97 Ga.
Volcanic rocks are constrained by the isotopic data to be at least 1.97 Ga and possibly as old as 2.3
to 2.4 Ga.

The layered gneiss and 1,760-Ma-plutonic suite in the New York and Ivanpah Mountains, and
plutons (1,734 and 1,726 Ma) that intruded gneiss and schist in the Old Woman and Piute
Mountains, both south of the EMNSA, were all deformed and metamorphosed during the Ivanpah
orogeny between 1,710 and 1,700 Ma (Wooden and Miller, 1990). Metamorphism was at
granulite grade in the McCullough, New York, Ivanpah, and Providence Mountains and at upper
amphibolite grade in the Old Woman, Piute, and other mountain ranges south of the study area
(Thomas and others, 1988; Wooden and Miller, 1990). Granitic augen gneiss and gneissic granite
in the New York Mountains and McCullough Range and other ranges in the east Mojave area are
from 1,708 to 1,713 Ma (Wooden and Miller, 1990; DeWitt and others, 1984). They are pre- to
syntectonic and place an upper limit on the age of the Ivanpah orogeny. A post-tectonic suite of
granitic to dioritic plutons in the eastern Mojave Desert region has U-Pb zircon ages from 1,660 to
1,690 Ma (Wooden and Miller, 1990). Some of these plutons contain deformational fabrics
indicating a second orogenic event following the Ivanpah orogeny. The widespread
"postorogenic” plutons are generally alkali-calcic. They have recently been studied geochemically
and compared with granites of similar age in Arizona (Anderson and others, 1990; Miller and
Wooden, 1988; Bender and others, 1988; Orrell and others, 1987).



Middle and Late Proterozoic
Granite

Several areas in the north-central part of the EMNSA are underlain by distinctive granitoid
rocks approximately 1.4 Ga in age (pl. 1). The largest mass crops out at Mountain Pass, and four
others are present south of I-15. Similar granites are widespread elsewhere in southern California,
in central and southern Arizona, and in southern Nevada. Most of the following descriptions apply
to the entire suite in the southwest (Anderson and Bender, 1989; Anderson, 1989). These rocks
are commonly called "anorogenic,” as their emplacement was generally not associated with
regional or, commonly, even local deformation.

The Middle Proterozoic granites are generally coarse-grained and characterized by large,
conspicuous phenocrysts of K-feldspar. Most of the granites are monzogranite or syenogranite,
although some plutons include subordinate or minor granodiorite, quartz monzodiorite, and (or)
quartz monzonite. Common accessory and minor minerals include biotite, hornblende or
muscovite, fluorapatite, zircon, and magnetite.

Compositionally, the 1.4 Ga granitoid suite ranges from approximately 60 to 75 weight percent
Si0,, and is rather potassic. Compared with more typical calc-alkaline granitoids, the Middle
Proterozoic granites have high Fe/Mg and low Ca, Mg, and Sr. The magmas that crystallized to
form the 1.4 Ga plutons were generally, with local exceptions, poor in exsolved fluids, as
indicated by the paucity of aplites, pegmatites, and hydrothermal alteration; and characterized
commonly by coarsely crystalline porphyritic fabrics (Anderson and Bender, 1989). The most
mafic granitoids are locally charnockitic.

The 1.4 Ga granitoid suite ranges in alumina saturation from moderately peraluminous to
weakly metaluminous. Most or all of the occurrences within the EMNSA are metaluminous.
These peraluminous and metaluminous types of granite have somewhat different assemblages of
accessory minerals. The metaluminous granites lack primary muscovite whereas the peraluminous
granites lack hornblende. Both types carry biotite. Sphene is common only in metaluminous
granites; monazite takes its place in the peraluminous granites, which lack fluorite, except in highly
differentiated granites (for example, at Prescott, Ariz.).

Highly evolved members of the 1.4 Ga granitoid suite are enriched in Rb, Th, and U; and
depleted in Ba and Sr. The granite in the Marble Mountains, south of the EMNSA has
exceptionally high thorium: 163 ppm, mean of 5 samples (the average upper crustal abundance of
thorium is 11 ppm) (Anderson and Bender, 1989, table 2b). Middle Proterozoic igneous rocks of
the Mountain Pass area are described more fully in a section below.
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Diabase

Small diabase dikes thought to be of Late Proterozoic age are present locally in the eastern parts
of the EMNSA (D.M. Miller, oral commun., 1990; C.M. Conway, unpub. data, 1990). All of
these occurrences are too small to show at the scale of the geologic map (pl. 1). These diabases are
part of a suite emplaced about 1,100 Ma throughout much of the southwestern United States
(Howard, 1991; Hammond, 1991). Widespread large dikes are present in the southern Death
Valley and Kingston Range region within 25 km north-northwest of the EMNSA (Wright, 1968;
Wright and others, 1976). Small dikes are present in numerous ranges of the eastern Mojave
~ Desert south of the EMNSA (Howard, 1991). The diabase dikes are ophitic and typically altered,
mostly deuterically.

Dikes observed in the northern part of the New York Mountains dip steeply to the northeast
and strike northwest where they are undeformed and may post-date mineralized veins in brecciated
Early Proterozoic gneiss. No systematic study has been done on the diabase dikes in the
EMNSA.

Evidence of Proterozoic Mineralization

Hewitt (1956) noted that, although many mineral occurrences are hosted by Early Proterozoic
gneiss in the eastern Mojave Desert region, the major periods of ore deposition were Mesozoic and
late Tertiary. He furthermore concluded that there is no clear evidence for widespread Early
Proterozoic mineralization in the area. There is, however, limited evidence for some minor
mineralization of Proterozoic age, in addition to the rare-earth element deposits associated with the
1,400-Ma carbonatite at Mountain Pass. This deposit is discussed more fully in a subsequent
section.

Minor rare-earth elements and thorium have been mined from pegmatite in the New York
Mountains (Miller and others, 1986). Similar pegmatites are common within the Early Proterozoic
gneiss terrane throughout the northern EMNSA and have been interpreted to be the source of most
of the anomalous concentrations of these elements in stream sediment geochemical data (see below;
Miller and others, 1986). Volborth (1962) suggested that these allanite-bearing pegmatites are
related genetically to Mountain Pass-type syenite-carbonatite, but the field evidence of Miller and
others (1986) indicates the pegmatites are older, presumably Early Proterozoic, and therefore
unrelated to a Middle Proterozoic carbonatite system.

The polymetallic skarn (copper, lead, zinc, and iron) at the Butcher Knife Mine, located in the
Mid Hills (SE 1/4 SE 5, T.13 N, R. 15 E. and map no. 414 of U.S Bureau of Mines (1990a) has
been inferred to be of Proterozoic age (Ntiamoah-Agyakwa, 1987), because the intensity of overall
skarn development at the mine apparently increases toward strongly foliated mafic dikes that are

11



inferred to be of Proterozoic age. The mafic dikes share the same fabric with the surrounding
gneiss into which the dike intruded. Skarn mineralization is in places confined along a minor fault
and subsidiary splays for a strike length of about 80 m. The best developed gamet-bearing skarn
lies in the Proterozoic gneiss, which is in contact with a highly-brecciated limestone. The gneiss
and the brecciated limestone form a roof pendant to the Cretaceous Mid Hills Adamellite of the
Teutonia batholith of Beckerman and others (1982); only the gneiss is in contact with the granitic
rocks. Ntiamoah-Agyakwa (1987) interpreted the 15-m wide foliated Proterozoic(?) mafic dike
that lies along the contact between the gneiss and limestone to be the apparent source of the skam-
forming fluids. As is evident, the basis for assigning a Proterozoic age to the skarn is not
conclusive as the mafic dike is not dated and Early Proterozoic limestones are not known
throughout the region (C.M. Conway, unpub. mapping, 1990). It is possible however, that there
are two ages of skarn mineralization here, one in the Proterozoic followed by tectonic juxtaposition
of the Paleozoic(?) limestone against the gneiss, after which a second episode of skarn
mineralization along the fault contact formed from fluids derived from the subjacent Cretaceous
Mid Hills Adamelite.

There are some additional suggestions of apparently minor Proterozoic mineralization
elsewhere in the Ivanpah Mountains. At Mineral Spring, in the SW 1/4 sec. 2, T. 15 N, R. 14
E., southeast of Mineral Hill, intensely fractured rocks of the Early Proterozoic undivided
migmatite, granitoid gneiss, and granitoids map unit (Xg1, pl. 1) are cut by numerous quartz-
galena-chalcopyrite veins. Most of the quartz is of a milky-white variety in hand sample, and
generally shows variable amounts of staining by secondary copper minerals. The bulk of the
mineralization seems to have been concentrated along a 1- to 2-m wide zone that contains abundant
gossan along its trace of N. 10° E., with a 25° W. dip. These veins are foliated and concordant
with the fabric of the surrounding gneisses. Some of the veins have highly deformed, schistose
selvages of brown carbonate-rich material along their margins, together with, in places, some
formerly clay-rich zones now recrystallized to white mica. Thus, the veins are definitely part of the
metamorphic complex. However, the presence of some jasperoidal-appearing material along the
structure, in marked contrast to the milky-white vein quartz, and the subsequent brecciation and
neomineralization along the structure suggests that there have been multiple episodes of
mineralization in the general area, presumably in the Mesozoic. We very tentatively assign the
deformed quartz-galena-chalcopyrite veins to an Early Proterozoic mineralization event related to
the widespread magmatic rocks of this age in the immediately surrounding area. Some of the
Paleozoic carbonate rocks in the Ivanpah and Clark Mountain Range also show development of a
ductile fabric, developed presumably from the regional Mesozoic thrusting in the region (Burchiiel
and Davis, 1981). Thus, the veins in the general area of Mineral Spring could also be Mesozoic in
age.
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Intrusion of diabase dikes in the southern Death Valley and Kingston Ranges resulted in
formation of talc deposits by contact metamorphism of a carbonate member of the Crystal Spring
Formation of the Middle Proterozoic Pahrump Group (Wright, 1968). The region between the
southern Panamint Range and the Kingston range contains 29 deposits that produced 1,200,000
tons of talc ore. Talc and clay mines are present within a few km of the northern boundary of the
EMNSA in the Halloran Hills. Whether these mines are associated with diabase is unknown.
Asbestos, iron, and uranium deposits in the Middle Proterozoic Apache Group in central Arizona
were formed by processes related to the emplacement of very large diabase sills (Wrucke and
others, 1986).

Mineral deposits in both the Death Valley and central Arizona regions were controlled by the
nature of the intruded sedimentary rocks. Host rocks suitable to the formation of such ore
deposits, notably the Pahrump Group, are virtually absent in the EMNSA. This and the near
absence of diabase sills suggests there is little if any potential for mineral deposits associated with

diabase in the study area.

LATEST PROTEROZOIC AND PALEOZOIC STRATA

Overview

Latest Proterozoic and Paleozoic strata in the EMNSA were deposited upon a substrate
consisting of Early Proterozoic gneissic and granitoid rocks (Wooden and Miller, 1990) and
Middle Proterozoic granite (Anderson and Bender, 1989) as described above. These strata are
exposed in small areas of several ranges in the EMNSA: Clark Mountain Range, the Providence
Mountains, Old Dad Mountain, New York Mountains, Ivanpah Mountains, Cowhole Mountains,
and Cima Dome (pl. 1). A few even smaller bodies of metasedimentary rocks, most commonly
marble or calcsilicate hornfels, of probable Paleozoic age are scattered throughout the EMNSA (for
example, Miller and others, 1985; DeWitt and others, 1984; Howard and others, 1987). These
small bodies typically are roof pendants in Jurassic or Cretaceous plutons or slivers within fault
zones (fig. 4).

Two northeast-trending boundaries or transitions between the Late Proterozoic to Paleozoic
miogeocline on the west and the North American craton on the east pass through the central part of
the Mojave Desert (fig. 3); the inferred boundary between the North American craton and the Late
Proterozoic clastic rocks passes through the EMNSA and that for the Paleozoic carbonate rocks
passes to the west of the EMNSA (Stewart and Poole, 1975; Burchfiel and Davis, 1981). Thus,
the latest Proterozoic to Paleozoic strata in the EMNSA are basically cratonal and relatively thin.
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Latest Proterozoic strata in the Clark Mountain Range, Providence Mountains and at Old Dad
Mountain are transitional to the miogeocline but they are overlain by cratonal early Paleozoic strata.
The autochthonous latest Proterozoic rocks in the Clark Mountain Range and Ivanpah Mountains
are miogeoclinal (Burchfiel and Davis, 1981). The paleogeographic position of the late Paleozoic
rocks is obscure owing to generally incomplete preservation or exposure (Burchfiel and Davis,
1981).

Summary of Rock Sequences

The most complete and best preserved sequences of the latest Proterozoic to Paleozoic rocks
are in the Providence Mountains (Hazzard, 1954). These rocks are only locally metamorphosed,
notably where they are intruded by Mesozoic plutons. The section rests unconformably on Early
Proterozoic gneiss, and is approximately 2,700 m thick (Hazzard, 1954). The lower part of the
section consists of latest Proterozoic to Late Cambrian quartzite, dolomite, limestone, siltstone, and
shale. The upper part comprises Devonian to Permian units that contain limestone and subordinate
chert, sandstone, and shale. Ordovician and Silurian strata are absent, as they are in all cratonal
sections in the southwestern United States. Latest Proterozoic to Paleozoic stratigraphic units in
the Providence Mountains have been correlated both with units in the Death Valley region to the
north and units in the western Grand Canyon region to the east (Stewart, 1970; Stone and others,
1983; Goldfarb and others, 1988).

In the Old Dad Mountain area, Paleozoic rocks and conformably underlying latest Proterozoic
strata are strongly structurally disrupted but not highly metamorphosed. The section is generally
similar to that in the Providence Mountains (Dunne, 1977).

Paleozoic rocks in the central New York Mountains are preserved as roof pendants in a
batholith of Cretaceous granitic rocks. Most of the strata have been converted to marbles,
calcsilicate hornfels, or pelitic hornfels. They also have been affected by multiple episodes of
Mesozoic folding and thrust faulting. Despite the metamorphism and deformation these rocks have
undergone, a stratigraphic section generally similar to that in the Providence Mountains can be
recognized or reconstructed (Burchfiel and Davis, 1977). The chief difference is that latest
Proterozoic strata are absent; the lowest Cambrian unit rests unconformably on Early Proterozoic
gneiss.

Latest Proterozoic and Paleozoic strata in the central part of the Ivanpah Mountains are included
in the generalized regional descriptions given by Hewett (1956), and subsequent detailed
information shows that they are similar to and continuous with rocks in the Clark Mountain Range
and Mescal Range (Burchfiel and Davis, 1971).

14



In the area of the Clark Mountain Range, cratonal and miogeoclinal sequences are tectonically
juxtaposed (Burchfiel and Davis, 1971). The autochthonous and parautochthonous Paleozoic
strata are cratonal, whereas the overlying thrust sheets carry latest Proterozoic and Paleozoic rocks
of transitional to miogeoclinal facies. Low grade metamorphism is locally developed.

MESOZOIC ROCKS

Triassic Plutons

Triassic plutonic rocks are widely scattered in regions surrounding the EMNSA (Barth and
others, 1991; Miller, 1978). In the Clark Mountain area, several small dioritic stocks intrude
Paleozoic strata, and one of these bodies has yielded K-Ar hornblende ages of 190 and 200 Ma
(Burchfiel and Davis, 1971; Mueller and others, 1979). These are presumably minimum ages; the
stocks may be Triassic. No Triassic U-Pb ages have been reported for plutons in the EMNSA, but
as more U-Pb ages are determined, Triassic plutons may be discovered. A dioritic orthogneiss unit
in the Granite Mountains (Howard and others, 1987), previously thought to be Triassic is now
known to be Jurassic (D.M. Miller, oral commun., 1991).

Triassic Sedimentary Rocks

In all of the above-mentioned ranges of the EMINSA that contain latest Proterozoic and
Paleozoic sequences, these strata are conformably overlain by reddish sandstone, limestone, and
shaley limestone, or their metamorphosed equivalents. These rocks are correlated with the Early to
Middle Triassic Moenkopi Formation (Walker, 1987). In the Providence Mountains, this unit is
approximately 300 m thick and contains Early Triassic fossils.

In the Mescal Range, a unit of sandstone, shale, and limestone stratigraphically above the
Moenkopi Formation and below a Jurassic sandstone unit is correlated with the Late Triassic
Chinle Formation by Hewett (1956). This correlation is questioned by Marzolf (1983). Possible
Chinle-correlative rocks have not been reported elsewhere in the EMNSA.

Triassic and (or) Jurassic Volcanic and Hypabyssal Rocks

Several ranges within the EMNSA contain volcanic and volcaniclastic rocks, intercalated
sedimentary rocks, and related hypabyssal rocks of Triassic and(or) Jurassic age. Stratigraphic
sequences, in varying degrees of preservation, are exposed in four areas: the Mescal Range, the
Old Dad Mountain—-Cow Hole Mountains—Soda Mountains area, the New York Mountains, and the
Providence Mountains. In a few other areas, metamorphosed or hydrothermally altered Triassic
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and(or) Jurassic volcanic, hypabyssal, and sedimentary rocks are present as small pendants in
Jurassic or Cretaceous plutons, or as slivers in fault zones. Among these small relicts, Jurassic
rocks are probably more common than Triassic rocks. Owing to common metamorphism or
alteration, and to lack of study, little is known about the petrology and geochemistry of Triassic
and Jurassic volcanic rocks in the EMNSA.

In the Mescal Range, a unit of crossbedded arenitic sandstone (see below) approximately 250
m thick is overlain by a unit, approximately 200 m thick, of dacitic flow breccias and lava flows
(Hewett, 1956). These volcanic rocks have not been studied in detail. They are probably Jurassic,
based upon correlation with similar rocks in the Cow Hole Mountains. The sandstone unit
contains dinosaur tracks, the only dinosaur tracks known in California (Reynolds, 1983).

A diverse volcanic and sedimentary sequence of rocks, more than 3 km thick, in Old Dad
Mountain and the Cow Hole Mountains consists of interbedded intermediate to silicic lava flows
and flow breccias, quartz arenite, sandstone and siltstone, sedimentary breccia and megabreccia,
silicic ignimbrite, and other minor rock types (Busby-Spera, 1988; Busby-Spera and others, 1989;
Marzolf, 1983; 1988; 1991). U-Pb zircon ages of some of the volcanic rocks indicate that this
sequence is approximately 170 Ma, which is Middle Jurassic according to current geologic time
scales (Harland and others, 1989). A generally similar sequence of rocks is present in the Soda
Mountains, near the west edge of the EMNSA (Grose, 1959).

The quartz arenite units in the Mescal Range, Old Dad Mountain, and Cowhole Mountains are
in part eolian. Until recently, these quartz arenites were generally correlated with the Early Jurassic
(Peterson and Pipiringos, 1979) eolian Aztec Sandstone of the southern Great Basin and Navajo
Sandstone of the Colorado Plateau. However, the U-Pb ages cited above indicate that the Jurassic
quartz arenites in the EMINSA probably correlate with the Carmel Formation or the Entrada
Sandstone of the Colorado Plateau.

In the Providence Mountains, intermediate to silicic volcanic, volcaniclastic, and hypabyssal
rocks, in part intensely altered, have been mapped by Miller and others (1985) and Goldfarb and
others (1988). The hypabyssal rocks typically have granitic textures. These igneous rocks in part
overlie the Moenkopi Formation, and are probably Triassic and(or) Jurassic in age (Walker, 1987).
In some places, the volcanic rocks contain intercalated conglomerate and siltstone.

In the New York Mountains, a sequence of metamorphosed volcanic rocks approximately 250
m thick overlies the Moenkopi Formation, and is in turn overlain by a metasedimentary unit
approximately 70 m thick (Burchfiel and Davis, 1977). The volcanic rocks are silicic in
composition, include breccia or agglomerate, and contain subordinate intercalated metasiltstone
and, near the base of the unit, metaconglomerate. The metasedimentary unit comprises siltstone,
cenglomerate, and tuffaceous sandstone and siltstone. The conglomerate beds contain clasts

derived from the underlying volcanic unit. These two units could be either Triassic or Jurassic in
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age; the latter is perhaps more likely. The metavolcanic rocks are generally schistose or mylonitic.
Metasedimentary lithologies range from argillite to schist. Both the volcanic and sedimentary units
in the New York Mountains contain metamorphic biotite.

Jurassic and Cretaceous Plutonic Rocks: Introduction

Plutons known to be of Jurassic age or of Cretaceous age, based upon U-Pb geochronology,
are common in the EMNSA (pl. 1; fig. 4). Other plutons are definitely or almost certainly
Mesozoic, but it is uncertain whether they are Jurassic or Cretaceous. The Jurassic and Cretaceous
plutons and ranges in which they crop out within the EMNSA are too numerous to list or describe
individually. Rather, the descriptions below focus upon typical or relatively well-studied plutons,
and upon features of special interest.

Both the Jurassic and the Cretaceous plutons within the EMNSA are small parts of magmatic
belts that extend through much of the southern Cordillera and are oblique to one another (Miller
and Barton, 1990; Fox and Miller, 1990; Tosdal and others, 1990).

Known Jurassic plutons and Cretaceous plutons in the EMNSA region are generally different
in petrology and geochemistry. Miller and others (1982) and Fox and Miller (1990) have
summarized the characteristics of Jurassic and Cretaceous plutonic rocks in the Bristol Lake
region, which includes the Granite Mountains, southern Providence Mountains, and Colton Hills
in the southwestern corner of the EMNSA. The Cretaceous granitoids are characterized by
relatively low color index, white to buff or flesh-colored feldspars, and absence of clots of mafic
minerals. In contrast, the Jurassic granitoids commonly are more heterogeneous, contain less
quartz, more commonly are conspicuously sphene-bearing, and are more potassic, have higher
color index, contain lavender, grey, or pinkish alkali feldspar, and contain clots of mafic minerals.
In some places, Jurassic plutons are associated with magnetite skarn deposits or zones of extensive
albitization. For some Mesozoic plutons for which U-Pb ages have not been determined, a
reasonable inference as to a Jurassic or a Cretaceous age of emplacement can thus be made from
the overall composition of the plutons. Such estimates are probably most applicable to granodiorite
and granite compositions, and have a lower probability of being correct for dioritic or gabbroic
rocks. In this report, we follow the JUGS classification scheme (Streckeisen and others, 1973)
adopted for plutonic igneous rocks.

Jurassic Plutonic Rocks

The most thoroughly studied Jurassic plutonic rocks in the region of the EMNSA are those in
the area of the southern Bristol Mountains, southern Providence Mountains, and Colton Hills (Fox
and Miller, 1990). Widespread emplacement of Jurassic plutons followed by approximately 50
m.y. the emplacement of scattered Triassic plutons in the Mojave Desert region (Tosdal and others,
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1990; Anderson and others, 1991). Three types of Jurassic plutonic rocks are common: mafic
rocks, intermediate to silicic mixed or heterogeneous rocks, and leucocratic monzogranite (pl. 1).
The mafic rocks are generally the oldest and the leucocratic rocks the youngest.

Compositionally, the mafic rocks include fine- to coarse-grained gabbro, diorite, monzodiorite,
and quartz monzodiorite; common mafic minerals include clinopyroxene, hornblende, and biotite.
Generally, the mafic rocks have SiO7 contents of 49 to 60 percent; are subalkaline and
metaluminous; and have relatively high abundances of large-ion lithophile elements (LILE), for
example commonly as much as =3 percent K20 and =1,000 ppm Ba.

The mixed intrusive rocks are by far the most abundant. They are markedly heterogeneous,
ranging from fine-grained equigranular to coarsely porphyritic, and continuously from quartz
monzodiorite to syenogranite and syenite. A number of phases or facies or subgroups occur,
typically with gradational contacts. Chemically, the mixed intrusive rocks have a wide range of
SiO2 contents: 52 to 74 percent; are subalkaline to, less commonly, alkaline; and metaluminous to
weakly peraluminous. Some rocks are potassic, with K2O/Na20 =2. Ba abundances are as great
as 2,000 to 4,000 ppm in some of the mafic and intermediate rocks.

The monzogranite is the most homogeneous of the three rock types. It comprises fine- to
medium-grained leucocratic biotite monzogranite, locally with minor muscovite. It is subalkaline
and generally moderately peraluminous. Trace-element abundances are unremarkable.

Many of the Jurassic plutonic rocks in the EMNSA are strongly altered. In the southernmost
Providence Mountains and the southern Bristol Mountains, the rocks have undergone widespread
albitization, characterized by replacement of potassium feldspar by albite (Fox, 1989; Fox and
Miller, 1990). Intense albitization is present as linear white zones in otherwise normally
mesocratic rocks. Less intense albitization produces mottled patches or spots. Chemically,
albitization is characterized by doubling of Na20 content and nearly complete loss of K20
(typically from 6 percent to <1 percent). Accompanying changes in Fe, Mg, and Ca depend upon
the extent of chloritization of mafic phases. Aluminum, Ti, Zr, Y, and REE are generally immobile
on a hand-specimen scale during alteration.

The few U-Pb ages that have been determined for Jurassic plutons in or near the EMNSA are
typically =165 to 160 Ma (see summaries by Fox and Miller, 1900; Tosdal and others, 1989).

L.ate Jurassic Dikes

In the southern Providence Mountains and Colton Hills, swarms of Late Jurassic intermediate
to silicic dikes intrude Jurassic plutons and are themselves intruded by Cretaceous plutons (Fox
and Miller, 1990). The dikes range from dacite porphyry to aphanitic rhyodacite to aplite. Similar
dikes are known in a few other places within the EMNSA. Similar and possibly related swarms of
Late Jurassic mafic or intermediate to silicic dikes are are widespread in eastern California and
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southwestern Arizona (Chen and Moore, 1979; Hopson, 1988; Powell, 1981; Karish and others,
1987; Haxel and others, 1988; Tosdal and others, 1990). Some of the apparently Jurassic dikes
that crop out in the Providence Mountains have been correlated by James (1989) with the
approximately 150 Ma Independence dike swarm of eastern California. James (1989) suggests
that the more than 500 km long dike swarm may be related to continental-scale arc-normal
extension, changes in plate motions, or a combination of oblique subduction with left-lateral shear.

Cretaceous Plutonic Rocks

The most thoroughly studied Cretaceous plutonic rocks of the EMNSA are those of the
Teutonia batholith (Beckerman and others, 1982). Beckerman and others (1982) state that the
Teutonia batholith is Jurassic and Cretaceous, based chiefly upon K-Ar cooling ages that provide
minimum emplacement ages. They divided the batholith into seven plutons or units, with a large
area of granitic rocks in Halloran Hills area (DeWitt and others, 1984) undivided and undescribed
(fig. 5). One pluton is Jurassic, the Ivanpah Granite (pl. 1). The other six plutons, which
constitute most of the batholith, are Cretaceous. Miller and others (1986) report a preliminary U-
Pb zircon age of 93 Ma (determined by E. DeWitt) for the Mid Hills Adamellite, which makes up
much of the New York Mountains and Mid Hills. Fox and Miller (1990), who had access to
additional unpublished U-Pb ages, included the Teutonia batholith among Cretaceous units.
“Teutonia batholith” thus should be redefined to exclude the coincidentally spatially associated
Jurassic Ivanpah Granite; this revised usage is followed in the summary below.

The six major plutons that constitute the Teutonia batholith crop out chiefly in the New York
Mountains and Mid Hills, and the Cima Dome-Wildcat Butte-Marl Mountains area (pl. 1). Five of
the six plutons are fairly large, with exposed areas =50 to 200 km2. The sixth pluton forms a
subcircular outcrop area only =2 km in diameter.

The five relatively large plutons of the Teutonia batholith range in composition from quartz
diorite and monzodiorite through granodiorite through monzogranite to syenogranite. Quartz-poor
modal compositions (quartz monzodiorite, quartz monzonite, quartz syenite) are present only in the
Rock Spring Monzodiorite. Other rocks are medium- to coarse-grained; some plutons or facies
within plutons are equigranular, whereas others have alkali feldspar phenocrysts. Biotite is
ubiquitous; hornblende is common to absent; one pluton locally contains a little primary muscovite.
Three of the five plutons are leucocratic, with color indicies less than 5.

The sixth, small pluton (Black Canyon Hornblende Gabbro,unit Kbc, pl. 1) comprises
compositionally and texturally variable hornblende-rich mesocratic to melanocratic gabbro.
Magnetite content is high: average 6.5 volume percent. This pluton intrudes two of the larger,
granitic plutons.
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Chemically, the six plutons of the Teutonia batholith form a broadly calcalkaline series. The
hornblende gabbro contains 43 to 49 percent SiO7; the other five plutons range to 68 to 77 percent
Si07. The granitoid plutons generally straddle the boundary between metaluminous and
peraluminous compositions. Moderately or strongly peraluminous granites are absent.
Abundances of Ba, Sr, and Rb (the only trace elements analyzed) are generally normal and
unremarkable for granitic rocks.

Geobarometric data indicate that the the Rock Spring Monzodiorite phase of the Teutonia
batholith of Beckerman and others (1982) was emplaced at pressures of <1 to 3 kb (Anderson and
others, 1988; 1991), corresponding to upper-crustal depths of approximately <3 to 10 km.
Present exposures provide a tilted view of the batholith: the shallowest plutons, emplaced at
pressures of approximately 0.5 kb, are on the north and the deepest plutons, emplaced at
approximately 3 kb, are to the south (J.L.. Anderson, oral commun., 1990). The Teutonia
batholith is among the shallowest of the Mesozoic plutonic complexes in the Mojave Desert region
studied by Anderson and others (1988; 1991): pressure estimates for ten other complexes range
from 2 to 3 kb to 7 to 9 kb. These pressure data conflict with geologic evidence that the roof of the
batholith is exposed in the south, which should therefore be the shallowest part of the batholith
(Goldfarb and others, 1988). _

For the EMNSA region as a whole, Cretaceous plutons generally have U-Pb zircon ages in the
ranges 99 to 95 Ma and 75 to 70 Ma (Wright and others, 1987; Fox and Miller, 1990, citing J.L.
Wooden and E. DeWitt, oral communs., 1987). The approximately 70-Ma Late Cretaceous
plutons crop out in the Granite Mountains, at Homer Mountain, and in the Fenner Hills. In the
Granite Mountains, a suite of Cretaceous igneous rocks includes a granodiorite pluton, a zoned
pluton, and granite, aplite and pegmatite dikes (Howard and others, 1987). The granodiorite
pluton makes up most of the western Granite Mountains (pl. 1), and a larger zoned pluton makes
up the southeastern part. Magmatic biotite from the zoned pluton yielded presumed emplacement
K-Ar ages of 70.9 to 74.5 Ma (Howard and others, 1987). These Cretaceous plutons in the
EMNSA apparently were emplaced more or less at the same time as the culmination of
compressional deformational events along the Cordilleran thrust belt (Miller and Barton, 1990).

Some Mesozoic deformational features of regional extent crop out in the western and north-
central parts of the EMNSA. These deformational features are reflections of compressional
tectonism shown by brittle-style thrust plates developed in the foreland of the Cordilleran thrust
belt and ductile-style thrust nappes in southeastern California and Arizona (Howard and others,
1980; Burchfiel and Davis, 1981; Snoke and Miller, 1988; Miller and Barton, 1990).

Middle Triassic through Early Jurassic generally east-directed thrust faults are present in the
Cowhole Mountains and the Clark Mountain Range (Burchfiel and Davis, 1981). In the Cowhole
Mountains, metamorphosed Paleozoic rocks apparently have been thrust eastwards and are
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overlapped unconformably by the Upper Triassic(?) to Lower Jurassic Aztec Sandstone. In the
Clark Mountain Range, some east-vergent structures have been cut by plutons dated at 190 and
200 Ma (Burchfiel and Davis, 1981). There is also some evidence for latest Jurassic to Early
Cretaceous crustal shortening in the Ivanpah Mountains where a deformed pluton is present in the
hinge region of a large, east-verging fold that apparently has been associated with some thrusting
during its development (Burchfiel and Davis, 1971, 1981).

TERTIARY ROCKS

Introduction

Following the cessation of crustal shortening and plutonism during the Late Cretaceous--early
Tertiary, a quiescent period ensued which lasted until about early Miocene time. Very little tectonic
or magmatic activity has been documented for the Mojave region during this time. The early to
middle Miocene, however, was a period of intense volcanism and extensional faulting throughout
much of the Mojave and Sonoran Desert region. Volcanism in the EMNSA during the Tertiary
partly reflects continental-scale regression of calc-alkaline intermediate magmatism from the
southeast to the northwest along a narrow arc (Eaton, 1984). As pointed out by Eaton (1984), this
arc is envisioned as being a back-arc region in a predominantly continental crustal environment.
Much of the eastern part of the area of the EMNSA represents a tectonic block that retained relative
structural stability during a time when movement on low-angle normal or detachment faults
resulted in significantly rotated and disrupted supracrustal sequences in many of the mountain
ranges to the north, southwest, and east of the EMNSA (Hileman and others, 1990; McCurry and
Hensel, 1988; Spencer, 1985; Reynolds and Nance, 1988; Burchfiel and Davis, 1988, Wilshire,
1988). Miocene extensional deformation has been described by Burchfiel and Davis (1988) in the
Clark Mountain Range and in the Mesquite Mountains in the northern part of the EMNSA and in
the Kingston Range to the northwest. Sedimentary and tectonic deposits also accumulated in a
Miocene extensional basin that underlies part of the Shadow Valley area (Reynolds and Nance,
1988; Wilshire, 1988). Multiple detachment faults exposed on Homer Mountain (Spencer, 1985),
immediately east of the EMNSA, roughly coincide with the western edge of the north-trending
Colorado River extensional corridor that has been well-documented in many other reports. The
region immediately to the south of the EMNSA, including the Old Woman, Piute, Little Piute, and
Ship Mountains, underwent moderate extension during the Miocene (Hileman and others, 1990)
and the central Mojave, from Barstow to near Baker, may have been extended highly in the early
Miocene (Glazner and others, 1989). Glazner and O'Neil (1989) have determined a smooth,
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eastward increase in initial whole-rock 87S1/808r ratios for silicic volcanic rocks in the Mojave
Desert region of southern California. Initial whole-rock 87S1/868r ratios for these types of rocks
in the Castle Mountains are reported by them to be in the 0.70526 to 0.70990 range. Glazner and
O'Neil (1989) interpret the smoothness and lack of discontinuities in the eastward increase in initial
whole-rock 87S1/868r ratios to reflect the absence of any broad zones of pre-Tertiary rifting or
major faulting. The increase in these ratios must be due to an eastward increasing amount of
crustal material incorporated into the magmas.

Broad areas in the northern parts of the EMNSA also were subjected to some moderate
amounts of extension from the late Miocene to the Recent in association with the development of
pediment domes (see below).

Economically the most significant Tertiary mineralization known to date (1991) in the EMNSA
is associated spatially with volcanic rocks (see below). Nonetheless, there is evidence that some
gold-bearing veins that thus far have yielded only small amounts of ore and are far removed from
areas of extensive Tertiary volcanic rock may also be Tertiary in age and may be associated with
Tertiary magmatism. Lange (1988) found that prominent geomorphic and structural features
showing a N. 20° to 40° E. trend in the general area of the Telegraph Mine, in the north-central part
of the EMNSA (U.S. Bureau of Mines, 1990a, map no. 121, pl. 1), acted as open conduits or as
breccia-filled high permeability zones during mineralization dated isotopically at 10.3+0.4 Ma.
There is no documented volcanism close to 10.3 Ma in the area of the Telegraph Mine; some
andesite in the vicinity has been dated at 12.8 Ma, and the oldest alkaline basalts in the area are 7.5
Ma (H.G. Wilshire, written commun., 1991). Thus, there is the possibility that the 10.3-Ma date
has been reset. Nonetheless, as Lange (1988) concluded, mineralization at the Telegraph Mine
may be related to regional right-lateral, north-south shear stresses that, in turn, resulted in the
opening of low-angle, en-echelon tension gashes. These mineralized tension gashes at the
Telegraph Mine probably are related to post-20 Ma combined wrenching across the San Andreas,
Death Valley, and Soda Avawatz fault zones. Although we assigned the mineralization at the
Telegraph Mine to a gold-silver, quartz-pyrite type of occurrence, the mineralization there seems
definitely to be of an epithermal variety, showing relatively high gold/silver ratios for the ores
(Lange, 1988). Total production from the Telegraph Mine has been 2,178 tons of ore that included
2,178 oz gold; 5,423 oz silver; and 500 1b of copper with 1948 as the last year of recorded
production (U.S. Bureau of Mines, 1990a). Hewett (1956) shows production from the Telegraph
Mine to include a total of 2,548 oz gold. Drilling in 1968 sponsored by the Ofiice of Mineral
Exploration of the U.S. Geological Survey resulted in the blocking out of 72,750 tons at a grade of
0.5 oz Au/ton and 1.16 oz Ag/ton at the Telegraph Mine (U.S. Bureau of Mines, 1990a).

22



Van Winkle Mountain and Vicinity

The oldest Tertiary volcanic and sedimentary rocks in region of the EMNSA are exposed in the
Van Winkle Mountain, northernmost Clipper Mountains and Old Dad Mountains (pl. 1). In the
Van Winkle Mountain, the sequence consists of tuff breccia, rhyodacite lava flows, air-fall and
ash-flow tuff that conformably are capped by olivine basalt flows. These are correlative with
sequences of rock exposed to the west in the Bristol Mountains (Miller and others, 1985). A
distinctive sanidine-bearing rhyolite tuff present near the top of this sequence has been correlated
- with the Peach Springs Tuff of Young and Brennan (1974) by Glazner and others (1986). This
regionally extensive ash-flow tuff sheet has been used as a chronostratigraphic marker in many of
the mountain ranges in the eastern Mojave desert of California and in western Arizona. Ages for
the tuff reported in the literature vary from 16 to 22 Ma. However, Nielson and others (1990)
have established an age of 18.510.2 Ma for the emplacement of the unit. The older reported ages
have been attributed by them to contamination by pre-Tertiary rock and the younger ages to
alteration or incomplete argon extraction during the process of dating. The Peach Springs Tuff is
exposed in discontinous patches in the Old Dad Mountains, Piute Range, Castle Mountains, Mid
Hills, Clipper Mountains, and on the east side of the Providence Mountains (pl. 1). In most of
these ranges, however, the Peach Springs Tuff is present at or near the bottom of the Cenozoic
stratigraphic sequence.

Hackberry Mountain, Woods Mountains, and Wild Horse Mesa

The Hackberry and Woods Mountains are underlain by volcanic and sedimentary rocks,
predominantly of middle Miocene age (pl. 1). These rocks rest unconformably on an erosional
surface of pre-Tertiary crystalline basement that locally includes paleotopographic relief in excess
of 300 m (Bonura, 1984). Rhyolite flows and domes, breccias, and tuffs on the eastern side of
Hackberry Mountain and in the Vontrigger Hills have not been dated isotopically. A lacustrine unit
of limestone, dolomite and minor sandstone overlies the silicic volcanic rocks, and contains
vertebrate fossils of Barstovian to Calendonian age (McCurry, 1985). The relation of the
lacustrine unit to the quartz latite-to-rhyolite flows, domes and pyroclastic rocks that comprise the
main mass of Hackberry Mountain is unclear. Hackberry Mountain is capped by an ash-flow tuff
which is also exposed in many of the nearly flat-lying mesas in the western Woods Mountains and
eastern Providence Mountains. The tuff was originally termed the Hole-in-the-Wall Tuff but later
changed to the Tuff of Wildhorse Mesa by McCurry (1988). It represents approximately 80 km3
of metaluminous to weakly peralkaline magma erupted at 15.8 Ma (McCurry, 1988). The eruption
of this tuff apparently produced a shallow trap-door caldera roughly 10 km in diameter centered in
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the eastern Woods Mountains (see section titled "Geophysics" below). Resurgent doming and
eruption of rhyolitic flows and tuff largely filled the caldera. One of these flows has been dated
isotopically at 14.8 Ma. The final eruptions in the area of Woods Mountains were basalt, basaltic
andesite, and basanite flows, one of which has a whole rock K-Ar age of 10.3 Ma. Minor
lacustrine and alluvial sediments are intercalated in the upper part of the volcanic sequences
exposed there. Large magnitude aeromagnetic and gravity anomalies coincide with the caldera (see
below). McCurry and Hensel (1988) suggested that the anomaly is probably due to an underlying
pluton on the basis of geophysical modeling.

Piute Range, Castle Mountains, and Castle Peaks

The sequences of Cenozoic rocks exposed in the Piute Range and in the Castle Peaks area are
similar and have been correlated by Nielson and others (1987). The rocks of the Castle
Mountains, although contemporaneous with rocks in the adjoining ranges, are dominated by a
voluminous silicic volcanic center which thins rapidly east and west and apparently is not present
in the Piute Range. Nielson and others (1987) have divided the rocks of the Piute Range into two
map units. The lower unit consists of arkose and conglomerate present near the base of the
exposed sequence. These sedimentary rocks contain clasts derived from underlying basement in
the Piute Range and possibly also from basement rocks exposed in the New York Mountains.
Basaltic andesite flows and breccias and some remnants of Peach Springs Tuff are intercalated with
the sedimentary rocks at the north end of the range. The upper unit consists of mafic lava flows
and breccias, rhyolitic lava flows and tuffs, and interbedded alluvial sediments. A white tuff in the
middle of the upper unit may be correlative with a similar tuff described by Miller and others
(1986) in the general area cf Castle Peaks.

The lower part of the exposed sequences of Tertiary rock in the Castle Mountains is
predominantly andesite with probable Peach Springs Tuff at the base, thereby allowing correlation
of these rocks with those in much of the Piute Range. Capps and Moore (1991), however,
consider the basal tuff to be older than the Peach Springs Tuff on the basis of the results of
potassium-argon ages of approximately 22 Ma obtained from the unit in the Castle Mountains. The
lower unit in the Castle Mountains, moreover, has been folded into a broad, northeast-trending
anticline (Turner and others, 1983; Turner, 1985). As much as 350 m of rhyolite flows, tuffs and
associated domes overlie the folded unit. The tuffs and rhyolites of this silicic center host most of
the known mineralization in the Hart Mining District (see below). The aggregate thickness of these
silicic rocks apparently decreases rapidly to the south and they are not considered by Nielson and
others (1987) to underlie the volcanic rocks of the Piute Range as Turner (1985) has suggested.
Geochronologic data reported by Ausburn (1988, 1991), Capps and Moore (1991), Linder (1988),
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Nielson and others (1987), and Turner (1985) are somewhat inconsistent, but generally define a
period of rhyolite, latite, and basalt volcanism from about 17 Ma to about 12-13 Ma. The
mineralization probably accompanied rhyolite dome formation at about 15.5 Ma (Capps and
Moore, 1991). An age of about 8 Ma (Nielson and others, 1987) on basalt from the Piute Range is
the youngest age reported from the eastern part of the EMNSA.

Cima Volcanic Field

The volcanic rocks of the Cima volcanic field consist of more than 50 basalt cinder cones and

- numerous associated lava flows that overlie as much as 300 m of variably tilted Tertiary
sedimentary rocks. The sedimentary rocks were deposited nonconformably on, and derived from,
Cretaceous and older crystalline rocks (Wilshire and others, 1987). Eruptions of basalt in the area
west of Cima dome began as volcanism was waning elsewhere in the EMNSA (pl. 1). The
majority of the flows associated with the Cima basalt field erupted between 7.6 Ma and the present,
with an eruptive hiatus between 3 and 1 Ma (Wilshire, 1988). The age of the youngest flow has
been estimated to be between 400 and about 120,000 yrs. (H.G. Wilshire, written commun.,
1991). All of the basalts in the field are alkalic, hypersthene- or nephaline-normative hawaiites or
basanites (Wilshire, 1987). Study of Nd, Sr, and Pb isotopic compositions of <1 Ma hawaiites
from the Cima volcanic field suggest that they were derived from a mantle source (Farmer and
others, 1991). Many of the flows contain mantle-derived xenoliths of spinel peridotite or
pyroxenite. Lower crustal xenoliths are also present and are represented by both silica-saturated to
silica-oversaturated and undersaturated lithologies. Wilshire and others (1991) have discussed the
possible origins of various types of xenolith found in the Cima volcanic field.

TERTIARY AND QUATERNARY DEPOSITS

Deposits of Tertiary and(or) Quaternary age in the EMNSA include landslide and sedimentary
breccia deposits, gravel, playa and pluvial lake deposits, basalt cinder deposits, basalt lava flows,
and basalt cones (pl. 1). Quaternary deposits include eolian sand, alluvial fan deposits, playa and
pluvial lake deposits, basalt cinder deposits, basalt lava flows and vent basalt. The provenance and
the apparent source regions for many of the alluvial fan deposits are indicated on plate 3.

General composition of piedmont deposits in the EMNSA are delineated on plate 3. This map
was prepared from analysis of geometrically rectified Landsat Thematic Mapper image data
processed by R.G. Blom and R.E. Crippen of the Jet Propulsion Laboratory, Pasadena, Calif.
Mid-winter, low sun angle scenes were used to maximize topographic expression, resulting from
increased topographic modulation of irradiance. The following data were used: Landsat 5, Path
39, Row 36 (Needles, Calif.) Quads 1 and 2 (acquired 12/12/84) and Landsat 5, Path 39, Row 35
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(Las Vegas, Nev.) Quad 3 (acquired 1/10/85). Individual spectral bands were adjusted for path
(atmospheric) radiance and sensor calibration. These data were then ratioed (3/1 to emphasize
ferric iron variations, 5/4 to emphasize ferrous iron variations, and 5/7 to emphasize
hydroxyl/carbonate variations), and the resulting band-ratioed images were scaled for
approximately one percent saturation at range extremes. The achromatic component of the TM data
was computed by averaging bands 3, 4, 5 and 7, edge enhanced with a high pass 5x5 box filter,
and then merged by component multiplication with each of the three band-ratioed images. Ratioed
bands were combined as false color composites where 5/7 is displayed as red, 5/4 is displayed as
green, and 3/1 is displayed as blue. The resulting false color composite images maximize
compositional discrimination while at the same time retaining topographic and structural
information within the merged achromatic component.

Compositional boundaries in piedmont areas were delineated on the basis of abrupt changes in
color and texture (pl. 3). Drainage divides within the ranges were mapped from 1:100,000-scale,
50 m contour maps. Compositional information was inferred from mapped bedrock lithologies
exposed in these source areas (pl. 1). The most extensively exposed bedrock lithologies within a
given upland source area were inferred to comprise the predominant lithologic component of
surface deposits on the associated piedmont surface; these dominant lithologies are shown in
boldface type. The false color composite image of the Providence Mountains (fig. 6) provides
some notable contrasts in the lithologic components in the flanking, associated piedmont surface.
This particular figure exemplifies well the spatial distribution of uniform color responses within the
band-ratioed images used to delineate the compositional boundaries (compare fig. 6 and pl. 3).

Areas of pediments and thin (<100 m thick) Late Tertiary and Quaternary alluvial cover in the
EMNSA are an integral component of plate 3. Range front-piedmont contacts were delineated on
the basis of abrupt transitions between areas of little shadow and smooth texture (piedmonts) and
areas of abundant shadow and coarse texture (uplands). These interpretations were supplemented
by stereoscopic photogeologic observations made from high-altitude U-2 Color IR photography.

Areas of pediments and thin alluvial deposits, as much as 50-100 m thick, were estimated from
interpretation of the distribution of planar areas of exposed bedrock, including in some areas
deformed Tertiary sediments, and small prominent residual knobs (as inferred from the analysis of
enhanced Thematic Mapper imagery, aerial photography, and available geologic mapping). These
features are particularly abundant in the following areas (from north to south): intermontane
valleys and piedmonts adjacent to the Halloran Hills, piedmont areas within and surrounding the
Cima Volcanic Field and Cima Dome, the northern margin of Ivanpah Valley, intermontane valleys
and piedmonts along the eastern flank of the Mid Hills, the piedmonts adjacent to the eastern and
southern flanks of the Piute Range, the piedmonts surrounding the Woods Mountains, Hackberry
Mountain, the Vontrigger Hills, and Homer Mountain, and the southern piedmont of the Granite
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Mountains. Extensive areas of thick basin filling deposits are apparently limited to parts of
Ivanpah Valley, Fenner Valley and the valley occupied by Kelso Wash (the area of the Devils
Playground).

DEVELOPMENT OF PEDIMENT DOMES

The largest and best developed pediment domes in the eastern Mojave Desert are in the
EMNSA and form the crest of the Ivanpah Upland of Hewitt (1956), a broad irregular highland
that forms the south and west flanks of Shadow Valley (fig. 7). This section of the report is
~ presented here in a form modified somewhat from Dohrenwend (1988). More than 60 late
Cenozoic lava flows of the Cima volcanic field cover large areas on the crests and flanks of these
domes and record a 5-m.y. history of pediment-dome evolution in this area. Comparison of the
relative positions of lava-flow-covered pediment remnants and modern pediment surfaces indicates
that, since at least latest Miocene time, (1) downwasting has been the dominant mode of pediment
modification, (2) downwasting rates have been highest in crestal areas, have progressively
decreased downslope, and have been significantly influenced by general base-level differences,
and (3) the general form of the pediment domes has changed little during the last 5 m.y.
Moreover, the ages of the youngest rock units truncated by these pediments and the oldest lava
flows which overlie them indicate that these pediment domes formed rapidly during a 3.5 m.y.
interval of the late Miocene and have been a conspicuous landscape element in the general area of
Shadow Valley since that time.

Eleven pediment domes have been more or less continuously evolving in the Ivanpah Upland
over the past several million years, and the remnants of at least three other domes have been partly
buried and preserved by lava flows of the Cima field (fig. 7). Although termed "domes", these
landforms are more conical than domelike in overall form (Sharp, 1957) with slopes that typically
vary by less than #0.5 degrees along any radial profile. The domes are low (0.1-0.4 km high),
broad (5-16 km across), and therefore, gently sloping (1.5°-4.5°). Although in places interrupted
by inselbergs, surfaces are generally smooth and regular; local relief is commonly less than 5 m.
Locally, networks of shallow drainageways have incised these pediment surfaces into irregular
patchworks of dissected and undissected areas. Undissected areas are mostly flat with
anastomosing drainageways and indistinct interfluves; dissected areas are scored by shallow,
subparallel valleys separated by low rounded interfluves.

These pediments have been the subject of several lengthy and detailed geomorphic analyses
(Davis, 1933; Sharp, 1957; Warnke, 1969; Oberlander, 1974; and Dohrenwend and others, 1987).
Davis (1933) speculated that Cima Dome, the largest of these domes (fig. 7), was formed primarily
by the backwasting of bounding scarps on an upfaulted terrain of low relief. Sharp (1957)
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explained Cima Dome and adjacent domes as the product of upwarping of an ancient erosion
surface with subsequent erosional modification and regrading. Warnke (1969) argued that
downcutting followed by lateral corrosion and backwasting were the most important processes of
pedimentation and concluded that the combined presence of suitable rock types, granitic rocks and
their sedimentary derivatives, and a temporary local base-level is the principal determinant of
pediment formation in this area. Oberlander (1974) interpreted the present pediment domes as
relict forms produced by erosional stripping of deeply weathered terrains developed during periods
of greater effective moisture. Dohrenwend and others (1987) documented a latest Tertiary and
Quaternary history of essentially continuous pediment downwasting when downwasting rates have
been greatest in crestal areas and have progressively decreased downslope to mid-flank areas
which have remained in a state of approximate topographic equilibrium.

As all of these workers have observed, the distribution of pediments in the Ivanpah Upland is
largely controlled by lithology. Most pediment surfaces cut indiscriminantly across Mesozoic
granitic rocks of the Teutonia batholith (pl. 1; see above) and Tertiary terrigenous clastic rocks,
whereas inselbergs of Proterozoic metamorphic rocks stand as much as 250 m above these
surfaces. At least three separate Cretaceous plutons probably are present within the area of the
Cima volcanic field, and these rocks are intruded swarms of Tertiary dikes (Wilshire, 1988). The
plutonic rocks are typically deeply weathered; low-energy seismic measurements (K.D. Mahrer,
written commun., 1988) indicate pervasive subsurface weathering to depths in excess of 40 m.
Tertiary sediments vary in composition from clastic materials derived mainly from Teutonia granitic
sources to those derived mainly from Proterozoic metamorphic sources, including gneisses,
carbonate, granitic and volcanic rocks. The rocks were deposited in several steep-sided basins and
consist of gravel, fine grained sandstone, siltstone, claystone, generally near the base, coarse
avalanche breccias, extremely coarse (boulders to 10 m) debris flow deposits, and, in places,
gravity slide blocks as much as 0.5 km across of various breccias, including abundant clasts of
dolomite. These rocks are locally significantly deformed, with dips as steep as 70° NE, SE, and
SSE. Relief on their contact with the Cretaceous granitic rocks locally exceeds 150 m (Sharp,
1957; Wilshire and others, 1987). Lithologic, biostratigraphic and paleomagnetic correlations
suggest a 18.5 to 9 Ma age for these rocks (Reynolds and Nance, 1988).

Potassium-argon ages indicate three principal periods of late Cenozoic volcanic activity in the
Cima volcanic field (Dohrenwend and others, 1984; Turrin and others, 1984, 1985). The earliest
period, dated between 7.530.2 and 6.5+0.2 Ma, is represented by one small, deeply eroded vent
and flow complex in the southeast corner of the field. Lavas of the latest period, which spans the
last 1.1 m.y. of Quaternary time, were confined to the southern part of the field and have flowed
generally west and southwest toward Soda Lake Valley. An intermediate period, dated between
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5.140.2 and 3.320.1 Ma, was the longest and most volumetric. Flows of this period form the
northern part of the field and are the most significant lavas in the present discussion.

Flows of the intermediate period form mesa caprocks that preserve remnants of the pediment
surfaces which flanked the west side of Shadow Valley in latest Miocene and early Pliocene time.
North of Highway I-15, flows were erupted between 5.130.2 and 4.2£0.2 Ma from several vents.
At least five flows moved down shallow valleys southwest toward Soda Lake Valley and northeast
toward Shadow Valley. South of Highway I-15, more voluminous flows were erupted between
4.8%0.2 and 3.3£0.1 Ma from at least 16 vents. These flows, including several overlapping and
superimposed lava sheets, were erupted near the crest of a large pediment dome. The lava sheets
spread east and northeast across the dome's east flank toward Shadow Valley and south to
southeast toward what is now the Quaternary part of the Cima field. In addition, several less
extensive lavas flowed west and southwest toward Soda Lake Valley down valleys between
several small pediment domes along the western edge of the field (pl. 1).

Comparison of differences in height between the late Tertiary pediment surfaces buried by
these lava flows and adjacent modern pediment surfaces enables the reconstruction of a 5-m.y.
history of pediment evolution in the Ivanpah Upland. Topographic relations demonstrate that the
Cima lava flows have been erupted into a continually downwasting, erosional environment that has
been active since before inception of the volcanism. Progressively younger flows have buried
progressively lower surfaces so that each caprock-protected pediment remnant now stands at a
height above the modern surfaces that is directly related to the age of its overlying basalt flow
(Dohrenwend and others, 1987).

Average downwasting rates determined from the height differences between lava-flow-covered
and modern surfaces are clearly related to distance from dome crests and to general base level
elevations. On pediments sloping toward Soda Lake Valley, where basin floor elevation is about
280 m, average downwasting rates have ranged between 1.2 and 2.8 cm/ 103 yr on upper flanks
and between 0.0 and 0.4 cm/103 yr in mid-flank areas. Lower flanks have probably aggraded to
some extent (Dohrenwend and others, 1987). On pediments sloping towards Shadow Valley,
where axial elevation is 1,100 to 1,200 m, average downwasting rates have ranged between 0.5
and 0.9 cm/103 yr on upper flanks and between 0.0 and 0.3 cm/103 yr in mid-flank areas. Thus
pediment downwasting has been greatest in crestal and upper-flank areas and has progressively
decreased downslope so that overall pediment degradation, in areas unprotected by resistant
caprocks, has followed a general pattern of crestal lowering, upper-siope decline, and mid-slope
stability. Also, as might be expected, average downwasting rates have been substantially greater
on those pediments which drain westward to the relatively low basin floor of Soda Lake Valley
than on those which drain eastward towards the much higher axis of Shadow Valley. However,
even the most rapid of these rates indicate relatively little landscape change, no more than 50 m of
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downwasting in crestal and upper slope areas and little to no change in mid-slope areas over the
past S m.y.

Relations between pediment surfaces of the Ivanpah Upland, rock units truncated by these
surfaces, and lava flows which overlie them indicate that these pediment domes formed rapidly
during the late Miocene and have been a conspicuous landscape element in the Shadow Valley area
since that time. Extensive pediment surfaces, capped by latest Miocene and early Pliocene lava
flows, cut smoothly and uninterruptedly across deeply weathered Cretaceous granitic rocks and
both tilted and faulted late Miocene terrigenous clastic rocks. The oldest basalt flows that cap an
extensive pediment surface have been dated by K-Ar analysis at 5.1+0.2 Ma (Turrin and others,
1985), and the age of the truncated terrigenous clastic rocks has been estimated on the basis of
biostratigraphic and paleomagnagnetic correlations at approximately 11 Ma (Reynolds and Nance,
1988). Therefore, pediment formation occurred between 11 and 5 Ma. Moreover, limited
occurrences of lava flows as old as 7.5+0.2 Ma that lie at or very close to the levels of both
modern and remnant latest Miocene pediment surfaces suggest that these surfaces may have been in
existence prior to 7.5 Ma. Thus, the pediment domes of the Ivanpah Upland probably formed
within less than 3.5 m.y. (11-7.5 Ma) during the late Miocene.

For those few instances in the Basin and Range province where field relations have permitted
estimates of average long-term rates of range-front retreat and pediment formation, estimates range
up to a maximum of 1 km/106 yr (Wallace, 1978; Menges and McFadden, 1981; Saunders and
Young, 1983; Dohrenwend, 1987). However, formation of the large pediment domes of the
Ivanpah Upland in the EMNSA by slope retreat would appear to require rates of at least 1.5 to
perhaps as much as 3.5 km/ 106 yr. Thus it would appear that either general slope-retreat
proceeded at a significantly faster rate in this area than elsewhere in the Basin and Range province,
or that some other process or combination of processes was responsible for the formation of these
pediment domes.

There is no apparent mineralization associated with development of pediment domes in the
EMNSA.

GEOPHYSICS

Geophysical studies conducted within the EMNSA include gravity and aeromagnetic surveys
on aregional scale, local electrical (incuced polarization, telluric, and audio magnetotelluric)
traverses, a limited number of heat flow measurements, and airborne radiometric measurements.
Each of these methods has a particular application in assessing the mineral potential of the area.

In general, gravity anomalies, when analyzed for regions the size of the present study area, will
yield information as to: (1) the rock-density distribution within the crust, (2) the isostatic state of
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the region, and (3) when combined with other geophysical data, the nature of the lower crust and
upper mantle. Although the isostatic state and nature of the lower crust and upper mantle are
important in understanding the genesis of mineral deposits in a region, they do not have a direct
application to the resource potential in the upper crust. In order to eliminate the gravitational effects
arising from deep sources, the isostatic anomaly (Jachens and Griscom, 1982) will be used in
describing gravity anomalies in the EMNSA.

In contrast to Bouguer gravity anomalies, magnetic anomalies, discussed herein, arise strictly
from sources in the upper crust and in this part of the Basin and Range province, represent
susceptibility contrasts less than about 15 km in depth. Magnetic variations primarily result from
differences in magnetite content, and the inherent or remnant magnetization of a particular rock
body. Analysis of the magnetic patterns in the study area are helpful in delineating buried contacts
between varying rock units, the location and attitude of fault zones, the depth to basement beneath
sedimentary cover, and, at least in one case, the presence of substantial iron and iron-related
deposits.

Electrical traverses have been conducted in the Providence Mountains (Goldfarb and others,
1988; Miller and others, 1985) in order to delineate the extent of alteration and sulfide
mineralization along the East Providence and Bighorn fault systems (pl. 1).

Heat flow measurements obtained within the EMNSA are part of a broad regional survey of the
southern Basin and Range (J.H. Sass and others, unpub. data, 1990). When viewed over a large
area, the EMNSA displays values in the range of about 80 to 100 mWm-2 which are fairly typical
of the region. Heat-flow measurements are important to an understanding of the thermal history of
the region. However, currently available spacing of the individual measurements does not allow
us to make direct comparisons with individual geologic features.

Airborne radiometric measurements were conducted throughout the region as part of the
National Uranium Resource Evaluation Program (NURE). These measurements are sensitive to
concentrations of uranium, potassium, and thorium. Results of this survey are discussed in a
section below.

Gravity Survey

Gravity data for the EMNSA and surrounding area were obtained from Snyder and others
(1982), Miller and others (1986), and Mariano and others (1986). The observed gravity data were
reduced to the free-air anomaly. Bouguer, curvature, and terrain corrections, using a density of
2.67 gm/cm3, were added to obtain the complete Bouguer anomaly. In order to eliminate that part
of the Bouguer field that arises from deep sources, a regional field was subtracted from the
Bouguer anomaly using the method described by Jachens and Griscom (1982). The resulting
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isostatic anomaly is shown on plate 4, and will be used below in the description of specific gravity
features.

There is a relatively straightforward relation between the isostatic anomaly and rock-types as
mapped within the study area (compare pls. 1 and 4). In general, isostatic "highs" are present in
areas consisting predominantly of Proterozoic metamorphic rocks and Jurassic granitoids.
Intermediate isostatic values are present in regions of Cretaceous plutonic rocks, whereas thick
deposits of Tertiary volcanic rocks and Tertiary-Quaternary surficial deposits produce isostatic
"lows". Density measurements presented by Miller and others (1986) and Wilshire and others
(1987) indicate, from samples collected in the New York Mountains and Cinder Cones area, that
Proterozoic schist and gneiss average 2.674 (£0.07) gm/cm3, Mesozoic intrusive rocks (adamellite
or monzogranite, and granite) 2.60 (30.02) gm/cm3, and unspecified Tertiary volcanic rocks show
a wide range, averaging 2.456 (20.40) gm/cm3. In addition, two samples of Proterozoic
amphibolite have densities of 2.96 and 3.10 gm/cm3.

Magnetic Survey

Data used to produce the aeromagnetic map (pl. 5) were collected during three separate surveys
in California: (1) the Kingman-Trona area (U.S. Geological Survey, 1983), (2) the Needles 1° x
2° quadrangle (U.S. Geological Survey, 1981), and (3) that portion of the Kingman 1° x 2°
quadrangle in Nevada (Oliver, 1986). In all of these surveys, a flight height of 1,000 ft (304 m)
above average terrain was employed. Because of the irregularity of the local topography,
however, the actual height above ground varied from about 400 ft (122 m) to 2,500 ft (762 m)
(Miller and others, 1986). In the California surveys, flight-line spacing was 0.5 mi (0.8 km)
whereas spacing averaged 1.0 mi (1.6 km) in Nevada. The California and Nevada surveys have
been merged in order to eliminate any effects caused by the differing survey parameters. On plate
5 the standard (uniform) earth's magnetic field has been subtracted from the observed
measurements to yield the residual magnetic field.

Cursory examination of plate 5 reveals that within the EMNSA there are regions that display
diverse residual magnetic characteristics. These regions generally fall into three types of magnetic
patterns: (1) low amplitude (>200 nT), low gradient highs and lows, (2) intermediate to large
amplitude (200-500 nT), intermediate gradient highs and lows, and (3) intermediate amplitude
(100-300 nT), steep gradient complex anomalies. In the most general sense, these three anomaly
patterns can be related to rock type or geologic environment. Type 1 patterns correspond to
alluvial valleys and areas of predominantly Cretaceous granite; type 2 anomalies correlate with
exposures of Proterozoic metamorphic rocks and Jurassic granitoids; and type 3 anomalies are

present in areas including mostly Tertiary to Quaternary mafic to silicic lava flows, vents and
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pyroclastic material. The magnetic signature of a region not only depends on the magnetic
character of the rock but also the depth to the source. For example, in a deep basin the basement
rocks may be quite magnetic but because of the increased distance between sensor and source and
the nonmagnetic character of the intervening basin fill the amplitudes and gradients of anomalies
will be reduced and the magnetic signature may be quite different from areas where similar source
rocks are near the surface. Two isolated magnetic anomalies of particular note in the EMNSA are
associated with the Vulcan iron-skarn deposit and the Woods Mountain caldera (McCurry, 1988)
and are discussed in the following section.

Discussion of Gravity and Magnetic Anomalies

Interpretation of the gravity and magnetic maps (pls. 4 and 5) are summarized from a series of
relatively recent U.S. Geological Survey Wilderness Bulletins and Miscellaneous Field Studies
Maps. Interpretations included in four additional geologic and geophysical studies pertaining to the
region also contributed significantly to our own report (Carlisle and others, 1980; McCurry, 1988;
Beckerman and others, 1982; DeWitt and others, 1984). Although these studies are for the most
part not adjoining, they cover a large part of the area and the geophysical interpretations can be
projected across intervening regions. In addition to this summary of previous work, a brief
discussion of the gravity and magnetic characteristics of the southern Clark Mountain Range and
Woods Mountains caldera is presented.

Ivanpah Valley and New York Mountains

Isostatic gravity values in this region vary from a high of about -12 mGal over the central New
York Mountains to a low of -40 mGal in the Ivanpah Valley. The highest values are associated
with outcrops of Proterozoic schist and gneiss whereas the low values represent unconsolidated
basin-fill material in Ivanpah Valley. The alluvial thickness in Ivanpah Valley is in excess of 6,500
ft (1,980 m) as shown by cuttings and drill hole logs from the Ivanpah Partnership "Ivanpah 13"
(Hodgson, 1980). Carlisle and others (1980), from detailed gravity, magnetic and seismic surveys
suggest that the maximum sediment thickness is about 8,000 ft (2,440 m), which is present on the
east side of the valley. The north-northwest striking Ivanpah fault cuts across the valley from the
vicinity of Mountain Pass to the general area of the Vanderbilt Mine (pl. 1). Seismic information
provided by Carlisle and others (1980) suggest that vertical offset is approximately 1,200 ft (366
m) in the center of the valley near the Morningstar Road (pl. 1). The series of northwest striking
faults in the area of the Vanderbilt Mine generally corresponds to a change in the type of basement
rock from Proterozoic schist and gneiss on the northeast to the Cretaceous Mid Hills Adamellite on
the southwest. This change is marked by a steep gravity gradient, decreasing to the southwest,
with a variation of about 20 mGal. Gravity values also decrease toward the south and southeast
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from the northern New York Mountains. This decrease is attributed to a southward thickening
wedge of volcanic rock, gravel, and alluvium that cumulatively attain a thickness of a few thousand
feet in Lanfair Valley (Miller and others, 1986). A gravity decrease that is present between the
north-central part of the New York Mountains and the town of Nipton cannot be explained by
examination of surface exposures. This decrease is probably due to an unexposed felsic intrusion
of unknown age or even thrusting of Proterozoic rocks over Tertiary basin fill (Miller and others,
1986). However, Proterozoic rocks are not known to be thrust over Tertiary rocks in any of the
mountain ranges of the EMNSA.

Magnetic anomaly values in this area range from highs of slightly more than +200 nT to lows
in excess of -200 nT. Anomalies over Proterozoic rocks are broad with amplitudes ~100 nT.
Three such positive anomalies are present in the Ivanpah Valley. Two, in the southwest and
southeast part of the valley, are roughly circular and Carlisle and others (1980) suggest the tops of
the sources are approximately 3,200 ft (975 m) below the surface which is beneath the basement-
sediment interface. The third is a positive ridge trending north along the western side of the valley.
Depth to source estimate for this anomaly is 5,700 ft (1,738 m) (Carlisle and others, 1980). The
magnetic signature in areas of exposed Proterozoic rocks suggests that metamorphism or
hydrothermal alteration has affected the magnetite content of the rocks (Miller and others, 1986).
The positive anomalies in Ivanpah Valley may, therefore, represent relatively unaltered Proterozoic
basement sources. Volcanic rocks exposed along the southeastern margin of the New York
Mountains near Barnwell (pl. 1) produce high amplitude, short wavelength anomalies indicating
the magnetic character of the rock. In the New York Mountains the change from Proterozoic schist
and gneiss, on the northeast to Cretaceous adamellite on the southwest is noted by a down-to-the-
northeast magnetic gradient. This change in magnetic level corresponds, but is opposite in sense,
to the gravity gradient discussed earlier. This would imply that the Mid Hills Adamellite is less
dense, but more magnetic, than the adjacent Proterozoic metamorphic rocks. The reduced
magnetic character of the Proterozoic rocks may reflect extensive alteration of magnetite in these
rocks.

Lanfair Valley and Piute Range

This area is characterized by large magnetic anomalies and a relatively flat isostatic gravity
field. A northeast trending belt of positive magnetic anomalies extends from Fenner Valley on the
southwest through the Vontrigger Hills and southern Piute Range terminating some 6 mi (10 km)
east of the central Piute Range. An apparent westerly arm of this pattern connects the Grotto Hills
and Lanfair Buttes region to the central part of this trend. These positive anomalies correlate well
with outcrops of Proterozoic crystalline rocks. Southeast of this magnetic ridge is an area
consisting primarily of Mesozoic granitic rocks in the Signal Hill and Homer Mountain areas. The
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region here is characterized by a series of magnetic lows. The contact between these two units is
largely concealed beneath volcanic and alluvial deposits of the southern Lanfair Valley and may
correspond to the abrupt magnetic change between the magnetically high and low areas (Nielson
and others, 1987). The northern Piute Range and Castle Mountains contain extensive volcanic
vents and associated rocks and the magnetic field displays a number of sharp large amplitude highs
and lows. In the vicinity of Hart Mine, near the northeast corner of the EMNSA, the magnetic
field is fairly subdued, although this area also contains extensive volcanic material similar to that
exposed in the Piute Range. The relatively smooth magnetic field here may represent a topographic
effect, because the area is lower and not as rugged as the Piute Range; this results in a more
constant survey height. Alternatively, there possibly may be an absence of highly magnetic
volcanic vents in the immediate vicinity.

The isostatic gravity field in this region is relatively smooth, showing a general decrease into
Lanfair Valley. A low closure of about 5 mGal, based on one station, over the Lanfair Buttes
probably represents a sequence of alluvial and volcanic material as much as 1 km thick. A similar
anomaly is present near the junction of Ivanpah and Hart Mine roads. Small gravity highs are
present over the Vontrigger Hills and south of the Grotto Hills. These anomalies probably
represent the thinning or absence of post-Cenozoic sedimentary or volcanic cover.

Mid Hills, Providence, and South Providence Mountains

In the New York Mountains and northern Mid Hills, between the Ivanpah and Cedar Canyon
Roads, gravity and magnetic anomalies are relatively smooth and flat, thereby highlighting the
overall uniform character of the Mid Hills Adamellite (pls. 4, 5). South of Cedar Canyon,
however, both gravity and aeromagnetic maps show large changes and numerous closures,
reflecting the mixture of these Proterozoic metamorphic rock, Mesozoic intrusions, Tertiary
volcanic rocks, and Tertiary sedimentary rocks. A large (-400 nT) arcuate magnetic low extends
from the Grotto Hills to the Cedar Canyon fault in the Mid Hills (pl. 5). This feature probably
results from both a thickened Tertiary and (or) Quaternary volcanic and (or) sedimentary sequence
and dipolar lows associated with positive anomalies to the south. A circular area, some 9 mi (15
km) in diameter, of relatively high magnetic values lies to the south of the above mentioned low.
This region is characterized by outcrops of both Proterozoic and Mesozoic crystalline rocks and the
high magnetic anomaly reflects the presence of these rocks at the surface. The westernmost peak
in this high area of magnetic values is present over the Black Canyon Gabbro of Beckerman and
others (1982) which is a circular Cretaceous plug of hornblende gabbro in the Mid Hills
Adamellite, some 1.25 mi (2 km) in diameter. The gabbro here contains as much as 6.5 volume
percent opaque minerals, primarily magnetite (Beckerman and others, 1982), resulting in the
observed magnetic anomaly. A 5 to 10 mGal gravity anomaly corresponds to the large
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magnetically high area. Gravity values in the central and northern Providence Mountains show a
general decrease towards the northwest. This gradient probably reflects the general change in the
types of rock in the basement from relatively dense Jurassic granitoids in the southeast to the
Cretaceous Mid Hills Adamellite in the northwest (pl. 1).

The central and southern Providence Mountains are characterized by several large positive
magnetic anomalies. The largest of these is associated with the Vulcan iron skarn deposit. This
anomaly (3,500 nT) suggests a possible continuation of the ore body to the east (Goldfarb and
others, 1988). Another large magnetic anomaly (~2,000 nT) some 6 mi (10 km) to the northeast
may represent the presence of an iron skarn and(or) highly magnetic Jurassic granitoid body.
Positive anomalies present in the southern part of the Woods Mountains suggest that the
nonmagnetic tuff that makes-up the surfical exposures overlies magnetic basement of probable
Jurassic age.

The East Providence fault strikes northerly along the east side of the range (pl. 1). In general,
a series of of magnetic lows correspond to the surface trace of the fault. Some of the lows are
present over exposures of apparently nonmagnetic Paleozoic sedimentary rocks while others,
present in areas of Proterozoic or Jurassic crystalline rock, may result from hydrothermal alteration
of magnetic minerals along the fault. Steep down-to-the-west gravity and magnetic gradients are
present 1 to 2 mi (1.6-3.2 km) into Kelso Wash along the west side of the Providence Mountains,
suggesting that the east side of the valley is a pediment surface.

Granite Mountains

Isostatic gravity values in this region vary from a high of about -10 mGal to a low of -25 mGal
(pl. 4). Areally corresponding magnetic values are in the range of >+200 to <-100 nT (pl. 5).
Generally, the northern part of the range is characterized by a magnetic low and a positive gravity
closure. The southern part of the range displays a gravity minimum and a variable, but generally
high, magnetic anomaly. The division between these two geophysically distinct regions is marked
by the concave-to-the-southeast striking Bull Canyon fault (pl. 1). Gravity and magnetic features
of the region have been discussed by Howard and others (1987) and are therefore only
summarized briefly here. The magnetic trough in the northern part of the range corresponds to the
Bull Canyon fault and probably reflects topographic effects, low magnetic susceptibility of the
unaltered plutonic rocks, and possibly alteration along the fault zone. Gravity anomalies indicate
that the predominantly Jurassic basement rocks north of the fault are denser than the mostly
Cretaceous granites that crop out to the south of the fault.

The west margin of the Granite Mountains is marked geomorphologically by Budweiser Wash
and the corresponding Bristol Mountains fault (pl. 1). Steep gravity gradients here indicate that
this fault is a major structure that juxtaposes less dense Tertiary volcanic rocks of the Old Dad
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Mountains and some sedimentary rocks to the west with Mesozoic crystalline rocks of the
mountains.

North and northwest of the Granite Mountains, in the alluvial plain of the Devils Playground,
gravity values suggest that the thickness of sedimentary deposits is not greater than about 1,000 ft
(305 m) and basement rocks here are probably Mesozoic granitoids. In the western part of this
valley, a northwest-trending 300 nT magnetic ridge is present along the southwestern margin of the
northern Bristol Mountains. This anomaly also roughly corresponds to the projection of the
Bristol Mountains fault farther towards the southeast. The anomaly is fairly broad with subdued
gradients suggesting that the source lies at some depth below the surface, possibly as much as
~1 mi (1.6 km). The source of this anomaly is not evident from surface observations and there is
not a prominent associated gravity anomaly. Two possibilities for a source are extensive iron
skarn mineralization or intrusion of Tertiary igneous rocks along the fault zone.

Old Dad Mountain and Kelso Mountains

Exposed in this area are a wide variety of rock types that include Proterozoic schist and gneiss,
Paleozoic sedimentary rocks, Mesozoic granitoids, Tertiary volcanic rocks, and unconsolidated
sediments (pl. 1). The gravity and magnetic patterns are equally complex. The northwest trending
Old Dad Mountain is characterized by both gravity and magnetic highs of as much as 10 mGal and
400 nT, respectively (pls. 4, 5). Along the southwest margin of this range, the magnetic gradient
is typical of a steeply dipping fault, although some of the gradient probably results from
topographic differences. Both the gravity and magnetic anomalies appear to wrap around the
southern end of Old Dad Mountain and the Kelso Mountains before dying out in Kelso Wash. A
prominent arcuate magnetic and gravity trough is present over the Kelso Mountains. This anomaly
separates the gravity and magnetic highs of Old Dad Mountain from an area of positive anomalies
centered north of Kelso Peak. The northwest limb of the trough appears to continue for as much
as 18 mi (30 km) and the northeast limb some 6 mi (10 km), merging with lows of Kelso Wash.
Because the area of the trough is, for the most part, covered by alluvial deposits the source of the
anomaly is not evident. If these features represent a fault or series of faults, extensive
hydrothermal alteration has taken place along the fault zones and the concave area has been down-
dropped; if the anomalies reflect an intrusive contact, alteration may have occurred along this
contact and the rock in the concave area is less dense than the surrounding terrane.

Trending due north from Old Dad Mountain and the Kelso Mountains is a very prominent
isostatic gravity lineation (pl. 4). Relief across this feature is about 10 mGal, down to the east. A
somewhat similar north-northwest-trending gradient is noted along the northeast side of Shadow
Valley. These two prominent anomalies intersect at the northern end of Shadow Valley.
Dimensionally, the magnetic pattern is quite similar to the prominent gravity lineation, although the
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area of the western gravity gradient is represented by a series of sharp magnetic highs and lows
reflecting surficial Tertiary basaltic vents and associated volcanic rock. The gravity gradient along
the northeastern edge of Shadow Valley has a corresponding magnetic gradient, although the sense
of relief is opposite (i.e. the magnetic anomaly is down-to-the-northeast). The southern part of the
area of the gravity low defined by these two linear anomalies includes extensive exposures of
Cretaceous granite. One interpretation is that the granite extends northward beneath sedimentary
cover and forms the floor of Shadow Valley. The gravity low therefore represents the combined
effect of low-density alluvial valley fill and a relatively low density basement rock. Small outcrops
of pre-Tertiary rocks have been noted in Shadow Valley (DeWitt and others, 1984). These have no
corresponding gravity anomaly from which we surmise that the alluvial fill is relatively thin. The
magnetic pattern within the valley shows little relief and is a relative high when compared to
immediately adjacent terranes; this would be consistent with the above interpretation. A northwest
trending magnetic gradient crosses the valley in the vicinity of Interstate Highway 15. This
lineation may mark a lithologic change in the Cretaceous granitoid complex, or it may represent a
subsurface fault with down-to-the-northeast displacement.

Clark Mountain Range

Lying between the Ivanpah and Shadow Valleys, the Clark Mountain Range is a structurally
and lithologically complex block consisting of early Proterozoic metamorphic rocks, middle
Proterozoic igneous intrusions, and Paleozoic to Mesozoic sedimentary units (pl. 1). The east side
of the range is characterized by a structurally complex, diversity of Proterozoic metamorphic and
igneous rocks, while the western part of the range is characterized by a relatively thick section of

" Phanerozoic sedimentary rocks that has been thrust over the basement complex. Geophysically,

both gravity and magnetic anomalies indicate that the Proterozoic rocks continue to the east at
shallow depths nearly to the center of Ivanpah Valley (pls. 4, 5). The trend of the anomalies in the
western part of Ivanpah Valley is north-south which is at an angle of some 20° to the north-
northwest structural grain of the surrounding region. In the western Clark Mountain Range,
geophysical anomalies follow the regional structural trends.

Isostatic gravity values in this region vary from lows of about -40 mGal in the Ivanpah and
Shadow Valleys to a high of approximately -10 mGal over the eastern range front near the
intersection of Interstate Highway 15 and the Ivanpah Road. Gravity values show a gentle
decrease westward across the range until sharp gradients associated with Shadow Valley are
encountered. The apparent smoothness of the isostatic anomaly is in part due to the relatively wide
spacing of gravity stations within the range. Small features, such as igneous dikes and plugs in the
general area of Mountain Pass, cannot be detected with the available survey, even though large
density contrasts may exist between rock units. Lower gravity values in the western part of the

38



Clark Mountain Range are due in part to the presence there of a sequence of Paleozoic sedimentary
rock that may have a total thickness of as much as 1.5 mi (2.5 km).

The residual magnetic anomaly shows a large amount of relief within the Clark Mountain
Range in contrast to the isostatic gravity. Although some of the magnetic variation may be due to
topographic effects, a series of highs and lows in the southern part of the range cannot be
accounted for by a varying distance between the aircraft and ground surface. Traversing from east
to west across the southern part of the mountains, the broad magnetic high in western Ivanpah
Valley probably represents a magnetite or pyrrhotite component of the Proterozoic basement there.
This anomaly continues from the southern Ivanpah Valley northward, generally conforming to the
shape of the margins of the valley. Immediately to the west of this high, there is an elongate
magnetic low closure of ~-80 nT, which displays gradients similar to the above high. This low
corresponds to the subsurface projection of the Ivanpah fault (Burchfiel and Davis, 1971) and may
indicate the presence of hydrothermal alteration along the fault zone. A magnetic high extends
from immediately northwest of Mountain Pass some 6 mi (10 km) to the south-southeast.
Gradients associated with this anomaly suggest a shallow source and the anomaly appears to be
related to a series of mid-Proterozoic ultrapotassic rock and carbonatite exposed in the area. These
rocks are the host for the rare-earth deposits of Mountain Pass as described below. To the west of
this magnetic ridge, there is a northwest-oriented low of about -100 nT. The location and trend of
this anomaly appear to correspond to a series of thrust faults that crop out in the western Clark
Mountain Range and Ivanpah Mountains, and the low may represent a thrust-stacking of Paleozoic
sedimentary rocks on Proterozoic basement. A +200 nT magnetic anomaly is present in the
southwestern Clark Mountain Range, Mescal Range, and Striped Mountain area. The source of
this anomaly is not obvious from surface exposures; gradients, however, indicate that the top of
the causative body cannot be much more than 1 mile (1.6 km) below the surface and is probably at
the top of the Proterozoic basement. Several small outcrops of Mesozoic granitoids are present in
this area (pl. 1). When combined, the above anomalies indicate a complex distribution of
lithologies and magnetic properties in the southern Clark Mountain Range and northern Ivanpah
Mountains. In contrast, the northern Clark Mountain Range is typified by gentle gravity and
magnetic gradients, although the region is structurally complex. The gravity in the northern Clark
Mountain Range consists of a gradient that extends southwestward from a high in the southern
Spring Mountains to the low in Shadow Valley. A northwest-trending magnetic gradient in this
area is present between positive anomalies in the western Ivanpah Valley and a series of lows along
the western flank of the Clark Mountain Range.

39



Woods Mountains Caldera

Two of the most prominent features on plates 4 and 5 are the negative gravity and magnetic
anomalies associated with the late Tertiary Woods Mountains caldera (McCurry, 1988). Both
anomalies are large amplitude, circular features with very steep gradients. These features are in
sharp contrast to the surrounding gravity and magnetic fields. The gravity anomaly is
approximately -30 mGal and some 8.7 mi (14 km) in diameter while the magnetic anomaly is ~-
600 nT and about 5.5 mi (8.85 km) in diameter. Both of these features appear to be related to a
caldera and(or) an underlying pluton. The presence of Jurassic granitoids within the boundaries of
the gravity low, the fact that the anomalies are of differing lateral extent, and the fact that centers of
the lows do not coincide (the magnetic center is offset some 1.9 mi (3 km) to the southwest) all
indicate that the anomalies do not result strictly from a caldera infilling of low density and low
susceptibility/low remnant magnetization pyroclastic material (pl. 1). The magnetic anomaly may
represent the true size and geometry of the actual caldera which, as shown by McCurry (1988,
figs. 1 and 2), is a "rap door" feature with the west and southwest parts downdropped more than
the east parts resulting thereby in a west-dipping relatively smooth caldera floor. Structural relief
along the western caldera margin may be in excess of 0.6 mi (1 km).

The associated gravity anomaly of the Woods Mountains caldera extends well beyond the
surficial bounds of this feature (compare pls. 1 and 4). This indicates that a negative density
contrast, that occupies an area larger than the surface expression, must be present in the
subsurface. Positive magnetic anomalies are present peripheral to the magnetic low but are within
the area of the negative gravity anomaly.

The gravity low probably represents the combined effect of an intrusion of a relatively low
density granitic stock into Jurassic granitoids, and caldera formation and infilling with low density
pyroclastic material and rhyolite. The silicic stock in this case would be circular and on the order
of 8.7 mi (14 km) in diameter with steeply dipping sides. The magnetic low probably results from
filling of the caldera by pyroclastic material and by nonmagnetic silicic lava. Positive magnetic
anomalies peripheral to the magnetic low but within the gravity anomaly would reflect the presence
of magnetic Jurassic granitoids left above the intrusion. These granitoids may have been
remagnetized during the magmatic event.

Aerial Gamma-Ray Surveys

Aerial gamma-ray surveys measure the gamma-ray flux produced by the radioactive decay of
the naturally occurring elements potassium (40K), uranium (238U), and thorium (232Th) in the
top few inches of rock or soil (Duval and others, 1971). If the gamma-ray system is properly
calibrated (for example, see Grasty and Darnley, 1971), the data can be expressed in terms of the
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estimated concentrations of the radioactive elements. Potassium data are usually expressed as
concentrations in units of percent potassium (percent K), thorium as parts per million equivalent
thorium (ppm eTh), and uranium as parts per million equivalent uranium (ppm eU). The term
equivalent is used because the technique measures the gamma-ray flux from the decay of thallium
(208T1) and bismuth (214Bi) which are decay products of 232Th and 238y, respectively, and
because of the possibility of radioactive disequilibrium in the thorium and uranium decay series.

During the period 1975-1983, the U.S. Department of Energy carried out the National
Uranium Resource Evaluation (NURE) Program which included aerial gamma-ray surveys of most
of the conterminous United States. Figure 8 is an index map showing the 1° by 2° National
Topographic Map Series (NTMS) quadrangles from which the data (U.S. Department of Energy,
19793, b, c; 1980) were taken for this study. Although many of the airborne gamma-ray systems
used to make these surveys were calibrated, many of the early surveys were done without
calibration and were not converted to the concentrations of the radioactive elements. Detailed
examinations of the digital data available on magnetic tape also showed that many of the
"calibrated" surveys do not match the data from "calibrated" surveys of adjacent areas. For these
reasons the data must be corrected to obtain a consistent data base. Duval and others (1989, 1990)
discuss the types of corrections applied to the data and they also provide index maps that indicate
the specific kinds of corrections applied to the data sets used in this work.

The NURE aerial gamma-ray data were collected by several private contractors using "high-
sensitivity” gamma-ray systems. These systems used sodium iodide detector crystals with detector
volumes of 2,000-3,300 in3 (33-54 L). All of the systems included electronic navigation
equipment, radar altimeters, magnetometers, and "upward-looking" gamma-ray detectors. The
upward-looking detectors were partially shielded from radiation coming from the ground by
placing them on top of the other detectors or by using lead. The purpose of the upward-looking
detectors was to measure the amount of radiation from 214Bi in the atmosphere and to use that
information to correct the estimated ground concentrations of 238Y. The data were corrected by
the contractors for background radiation due to aircraft contamination and cosmic rays, Compton
scattering effects, altitude variations, and airborne 214p;.

The gamma-ray surveys were flown at a nominal altitude of 400 ft (122 m) above the ground.
The gamma-ray systems were calibrated using the calibration pads at Grand Junction, Colo.
(Ward, 1978), and the dynamic test strip at Lake Mead, Ariz. (Geodata International, Inc., 1977).
The nominal flight-line spacings for the surveys (fig. 9A-C) were 1 to 3 mi and included tie lines
flown approximately perpendicular to the flight lines at intervals of 25 to 29 km.

Table 1 lists the estimated average concentrations of potassium, uranium, and thorium for some
of the geologic units which crop out in the EMNSA. The values listed in table 1 were determined
by inspection of gamma-ray profiles overlain on the geologic map (pl. 1) but not all of the geologic
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units found in the study area are included in table 1 because of little or inadequate data over some
units. Average potassium concentrations range from 0.5 to 3.5 percent K with the highest values
(greater than 2.9 percent K) present with Jurassic quartz monzonite of Goldstone (map unit Jgo,
pl. 1) and Ivanpah Granite (Jig), with Cretaceous Mid Hills Adamellite (Kmh), with Tertiary
younger volcanic rocks (Tvl), Wild Horse Mesa Tuff (Tw), and Tortoise Shell Mountain Rhyolite
(Tts), and with Proterozoic granitic rocks (Xg,). As pointed out by Beckerman and others (1982),
the K20 contents, in percent, of the Mid Hills Adamellite and the Ivanpah Granite are commonly in
the 3.5-4.8 and 5.0-9.0 range, respectively, and seemingly corroborate the K-values sensed
remotely by the aerial gamma ray surveys. The lowest average potassium values (less than 1.0
percent K) coincide with Cambrian dolomite (Cd). Average uranium values range from 1.5 to 4.4
ppm eU with the highest values (greater than 3.5 ppm eU) present in Quaternary eolian sands
(Qesy) and playa deposits (Qp), in younger Tertiary volcanic rocks (Tvl), dacite and rhyolite (Tdr),
and Tortoise Shell Mountain Rhyolite (Tts), and in Mesozoic volcanic and sedimentary rocks
(Mzv). The lowest average uranium values (less than 2 ppm eU) are present in Cambrian dolomite
(Cd), in Late Proterozoic and Cambrian siliciclastic rocks (Czs), and in Jurassic felsic rocks of
Colton Hills (Jfc). Average thorium values in table 1 range from 3.0 to 31.0 ppm e¢Th with the
highest values (greater than 17 ppm e€Th) present in Quaternary eolian sands (Qes,) and playa
deposits (Qp), Tertiary dacite and rhyolite (Tdr), in Cretaceous Teutonia Adamellite (Kt), in
Jurassic Ivanpah Granite (Jig), and in Proterozoic migmatite (Xm). The lowest average thorium
values (less than 7 ppm €Th) are present in Quaternary eolian sands (Qes), in Cambrian dolomite
(Cd), in Late Proterozoic and Cambrian siliciclastic rocks (Czs), and in Jurassic Sands Granite
Js).

Anomalously high thorium values are present also at two locations not listed in table 1. These
locations were not included in the table because the flight lines pass near the contacts between
different geologic units and the data could not be positively assigned to a particular geologic unit.
The first of these locations has a maximum value of 42 ppm eTh and the flight line passes over and
near an outcrop of Middle Proterozoic granitic rocks approximately at 35°29' N. and 115° 32'W.
This same location has high uranium values greater than 7 ppm eU and some potassium values
greater than 4 percent K. The second area of similar thorium values is present in and near a patch
of Jurassic Ivanpah Granite (Jig), approximately at 35°22' N. and 115°30' W. A similar
anomalously high potassium value of greater than S percent K is present in a small mass of
Jurassic quartz monzonite of Goldstone (Jgo) near 34°56' N. and 115°32' W. Contoured plots of
K, eTh, and eU for the EMNSA and surrounding area are shown in figure 9A-C.

The ratios of K/eTh, eU/K, and eU/eTh were also calculated and examined for the existence of
anomalies. A possibly anomalous value of K/eTh=0.72, indicative of a relatively enriched content
of Th, is present in Early Proterozoic granitic rocks (Xg1) near 35°4' N. latitude and 115°7'30" W.
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longitude. This possible anomaly is located in the vicinity of an occurrence of polymetallic veins.
Similarly reduced K/eTh values ranging from 0.3 to 0.5 are also present over some of the
Cretaceous Live Oak Granodiorite (Klo) near 35°17' N. and 115°16' W. This outcrop is known to
have one tungsten skarn deposit (pl. 2). Limited amounts of data over a large mass of Jurassic
quartz monzonite of Goldstone (Jgo) in the vicinity of 34°52' N. and 115°34' W. have K/eTh
values in the range of 0.3 to 0.5. These values suggest that this mass has anomalous K/eTh values
and it is known to host numerous mineral occurrences of various types (pl. 2). Other apparently
anomalous K/eTh values ranging from 0.3 to 0.7 are present in Quaternary eolian sands (Qes])
near 34°55'N. and 115°44' W. The high values are caused by the low thorium content (about 4.4
ppm eTh) of the eolian sands.

Various eU/K and EU/eTh anomalies also are present in the EMNSA. One eU/K anomaly with
values of 4.5 to 5.9 is present approximately at 36°54' N. and 115°36' W. This anomaly is
apparently associated with Tertiary gravel (Tg) but its significance is unknown. Approximately at
34°56'N. and 135°34' W., a similar eU/K anomaly is present in Permian to Devonian limestone
(PDI). At this location, the uranium concentration is a moderate value of about 2 ppm eU which
suggests that the apparently anomalous value is likely to be characteristic of the limestone. Near
35°4'N. and 115°11' W., anomalies of eU/K=4.4 and eU/eTh=0.8 are present in Tertiary volcanic
rocks (Tv1). The radioelement concentrations at the anomaly location are 1.5 percent K, 7 ppm
eU, and 8 ppm eTh. The potassium and thorium values can be considered as moderate but the
uranium value is relatively high and should be considered anomalous. Other high eU/K values
ranging from 2.5 to 4.8 are present along a section of a north-south flight line at 115°32' W., from
35°25'N. t0 35°29' N,; eU/eTh values as high as 1.4 are present at some places along the same
section of flight line. This section of flight line crosses various rock types.

In conclusion, the NURE gamma-ray data available for the study area provide limited
measurements of the potassium, uranium, and thorium concentrations of the various geologic units
present on the surface. Some concentrations of potassium are consistent with known potassium
contents of exposed plutonic rocks. The most prominent thorium anomalies are likely to be
associated with the carbonatite-related, REE deposits at Mountain Pass, just outside the EMNSA.
The ratio data also show a number of interesting anomalies and some of them may be related to
mineral occurrences. A more detailed gamma-ray survey would provide more site-specific

information that could then be more closely related to the geology and mineral occurrences.
Landsat Thematic Mapper (TM) Surveys

As a part of this report, a quarter Landsat Thematic Mapper (TM) scene was processed to be
used as a guide for mapping various lithologic units and to highlight the general distribution of
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possible areas of hydrothermal alteration. For the preliminary results described in this section, a
color ratio composite was produced by digital image processing and interpreted by inspection (fig.
10).

As described above, the EMNSA consists of a diverse group of sedimentary, metamorphic and
volcanic rocks (pl. 1). Crystalline rocks include a variety of gneisses and schists along with
marble and quartzite. The most widely distributed sedimentary unit is dolomite. Limestone,
quartzite, and shale are also well exposed throughout the area of the EMNSA. Mesozoic rocks
include andesitic to rhyolitic lava flows and some sandstone, and shale together with a wide variety
of plutonic rocks that range from granite to diorite in composition and are cut exteénsively by
narrow felsic and mafic dikes.

A TM scene recorded June 6, 1986 was selected for the study because the sun angle is highest
at the time of the summer solstice, and shadowing in this area of high topographic relief is
minimized. Landsat TM imagery has 30-m spatial resolution, six spectral bands in the visible and
near infrared, and excellent radiometric and geometric characteristics:

TM Bands Wavelength Coverage um

1 0.45-0.52

2 0.52-0.60

3 0.63-0.69

4 0.76-0.90

5 1.55-1.75

6 Thermal IR, not used in this study
7 2.08-2.35

Color composite images display color variations that show differences in spectral radiance that
is recorded by the Landsat Thematic Mapper from surface materials. Ratioing of selected channels
minimizes the influence of topography and enhances spectral differences. Color compositing of
three stretched ratios to form color-ratio composite (CRC) images of TM data allows the presence
of specific minerals or mineral groups to be detected. This information is shown as certain colors
on the color image. Rocks and soils that are mineralogically and spectrally similar may not be
discriminated.

The CRC of the EMNSA was produced using ratios of TM channels 5:7 (red), 3:1 (green), and
3:4 (blue) according to the techniques of Knepper and Simpson (1991; fig. 10). The resulting
colors, used for identification of minerals or mineral groups that may be associated with
hydrothermal alteration, are summarized in table 2.

A working copy of a color versatec print was prepared from the CRC at a scale of 1:100,000 to
overlay on various geophysical and geologic maps of the EMNSA. Nuances of color and tonal
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differences, unfortunately, were lost in the color versatec paper copy necessitating reference to the
original color transparency to better interpret the CRC.

In the CRC image, a contribution by a color filter indicates a high ratio value relative to other
materials in the scene; thus red is due to high TM 5:7 values and represents vegetation which has a
strong H20 absorption in the region of band 7. The TM 3:4 ratio expresses the increase in
reflectance from the chlorophyll absorption band in TM 3 to the near-infrared reflectance plateau in
TM channel 4, so that the blue color component is very low for vegetated areas. Carbonate
minerals and hydroxyl-bearing minerals, such as muscovite, kaolinite or jarosite, which may be
associated with hydrothermal alteration, should result in a magenta color because of the
combination of high TM 5:7 (red) plus a moderate value for TM 3:4 for the blue component.
However, most hydrothermally altered rocks which contain hydroxyl bearing minerals are also
limonitic so that the magenta color usually designates only carbonate mineral-bearing units. TM
3:1 is coded green and defines ferric iron (limonite) bearing rock and soil. Yellow, the result of
combining red and green, appears where TM 5:7 (red) is high due to the presence of carbonate or
hydroxyl-bearing minerals, and where TM 3:1 (green) is high due to ferric iron-bearing minerals
such as limonite. White areas indicate a high value in all three component ratios that is most
indicative of the presence of many alteration minerals, especially jarosite, which strongly
contributes to the overall radiance.

The detection of limonite has been traditionally important to remote sensing for hydrothermal
alteration. As defined by Blanchard (1968), limonite is a general term for hydrous ferric iron
oxides and hydroxides. These minerals absorb strongly in the visible region, near TM channels 1
and 4. Limonite may be associated with hydrothermally altered rocks as a result of weathering of
pyrite or hematite or other iron-bearing minerals. Gossans typically have an intense ferric iron
absorption. However, some limonite may also be disseminated in sedimentary, volcanic or
metamorphic rocks and is unrelated to any epigenetic hydrothermal alteration. Field evaluation is
needed to absolutely distinguish hydrothermally altered rocks from those that may only include
some limonitic materials due to weathering of syngenetic iron-bearing minerals. For example,
weathering of biotite and other mafic minerals in granite or metamorphic rock may produce
hematite on some outcrops.

Laboratory spectral reflectance measurements of representative rock samples collected from the
EMNSA were made using a Beckman UV 5240 spectrophotometer, with HALON as a reflectance
standard. Four to six representative rock samples were collected from outcrop for the laboratory
measurements. Two or three spectral reflectance measurements were made on the weathered
surface of each sample to assure that recorded measurements were consistent. The spectral curves
were averaged for plotting. Some of these data, which measure spectral reflectance from 400 nm
to 2,500 nm to encompass the wavelength range of the TM channels, are reproduced in figures 11
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through 22. Note that many of the igneous rock samples are spectrally flat so that they will not
show a distinctive color in the image. The red color response of overlying vegetation will mask
these rocks and any derived soils. The altered samples, such as the rock spectra of figures 9 to 12
display deep absorption bands between 2,200 nm and 2,350 nm which correspond to TM band 7.
Carbonate samples typically display absorption features from 2,331 nm to 2,335 nm, which also
correspond to band 7.

The most obvious area of alteration in the EMNSA as defined by the CRC color assignments is
in the Castle Mountains, which includes the Hart Mining District (fig. 10; pl. 2). Clusters of white
pixels are surrounded by yellow and green pixels. Similar areas of alteration may be represented
by the white-to-yellow clusters of pixels in the area of the southeastern Providence Mountains.
Some of the areas correspond to workings at the Hidden Hill Mine, near the southemn tip of these
mountains; others have not been checked in the field. From the yellow to white colors on the
CRC, there appear to be some areas of alteration within the south central Hackberry Mountain
where Proterozoic granitoids are in contact with Tertiary volcanic rock (fig. 10; pl. 1). Some
groups of yellow-white pixels correspond with the northern part of the Hackberry Mountain where
field checking has confirmed alteration of the volcanic rocks. Another grouping of small numbers
of alteration-related pixels is present in the Ivanpah Mountains where yellow to white colored
pixels are displayed in the image on the southern and eastern slopes. This region includes the
recently (1990) active Moming Star Mine (fig. 10; pl. 2). There are also small skarn deposits of
various types (pl. 2) located at the contact of carbonate rocks with quartz monzonite on the western
slopes of the Ivanpah Mountains and Mescal Range, and these correspond to pixels showing the
yellow and white image pixels.

There are small clusters of yellow pixels spread throughout the alluvial areas. Many of these
may correspond to areas of exposed soil where cattle have frequented wells. Some others seem to
correspond to mine workings, as in the Tungsten Flat area of the Signal Hill Mining District (pl.
2). However, there is no widespread exposure of apparently altered rock at these localities.

The magenta color in the CRC in the area of the northeastern slope of the New York Mountains
corresponds to outcrops of carbonate rocks that are intruded by granite. This area has also been
the site of some skarn-type mineralization.

Granite outcrops in the Granite Mountains are present at low elevations as boulders and
unvegetated talus and appear blue in the image. The fracture pattern typical for granite can be seen
in the CRC, both at low and high elevations, but lichen cover at high elevations causes a red color
response in the image (fig. 10).

Additional areas in the EMNSA that show a yellow to white color on the CRC need to be field
checked in order to deny or confirm the presence of hydrothermal alteration. There may be other
causes of the color responses in the CRC. Further processing of the TM data may reveal a more
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direct correspondence with hydrothermal alteration on the ground and may also allow a better
discrimination of the various rock types that crop out over the EMNSA.

GEOCHEMISTRY

This section of the report is comprised of two parts. In the first part, the RASS, PLUTO, and
NURE computerized data bases of the U.S. Geological Survey are examined, largely from the
basis of regional geochemistry. In addition, some descriptions of a select number of mineral
occurrences obtained during our investigation are included. Table 3 lists sources of data that have
been released, and tables 4 and 5 respectively list geochemical data and sample descriptions from
some select rocks collected by us from a small number of mineralized systems in the EMNSA. In
the second part, we examine the implications of data obtained from analyses of 1,050 rocks by the
U.S. Bureau of Mines (1990a) from various sites within the EMNSA; these samples are mostly
mineralized or altered samples from mines and prospects.

RASS, PLUTO, AND NURE Data Bases

The objective of the examination of RASS, PLUTO, and NURE data is to recognize
geochemical patterns that might be related to mineralization. Application of the principles of
mineral-deposit models (Cox and Singer, 1986) includes the recognition of characteristic
geochemical signatures for each model. The regional geochemistry addresses geochemical
signatures in terms of possible mineral deposits without regard to the size or grade of the deposits.
The discussion of the geochemistry of each area includes some descriptions of known mineral
occurrences and classifies them in terms of mineral deposit models.

Analytical data for the East Mojave National Scenic Area stored in the RASS, PLUTO, and
NURE data bases were retrieved and examined using the STATPAC system (VanTrump and
Miesch, 1977) of the U.S. Geological Survey. The RASS and PLUTO data bases contain data for
rock, stream-sediment, heavy-mineral-concentrate, soil, and other types of geologic samples
collected by the U.S. Geological Survey. They also contain data for other sample types such as
water and vegetation. The NURE data base contains data for samples collected during the National
Uranium Resource Evaluation Program of the U.S. Department of Energy (Cook and Fay, 1982).

The RASS and PLUTO data bases were designed and managed, respectively, by the Branch of
Exploration Geochemistry and the Branch of Analytical Laboratories before the merger of the two
branches into the Branch of Geochemistry in 1987. The two data bases are similar in content and
characteristics, but major differences in operation have hindered merger into a single data base. In
addition, the logistical problem of merging two large data bases is a major obstacle during a time of
limited budgets. Since merger of the two branches into the Branch of Geochemistry, most new
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data have gone into the PLUTO database. However, most of the data for the EMNSA were
obtained before 1987 and therefore are resident in both RASS and PLUTO. Before the merger of
the branches in 1987, RASS data tended to be from large mineral-resource evaluations of public
lands or other large projects while the PLUTO data base tended to receive data from more
specialized projects and from a wider variety of types of projects. Both the RASS and PLUTO
data bases include systems of coding sample descriptions and other information; because of the
general nature of the data going into the two systems, the RASS system of coding is simpler but
less comprehensive than the PLUTO system. The PLUTO system of coding offers a great deal of
flexibility and the opportunity to describe a sample quite precisely but is consequently more
cumbersome. The two data bases may eventually be supplemented or replaced by a newer, state-
of-the-art system.

The data for selected elements useful in mineral-resource evaluations were studied and map
plots were produced. The data in the RASS, PLUTO, and NURE data bases are available to the
public, but most of the data have not been released as published or open-file reports; table 3 lists
sources of data that have been released.

Sample Types

Sieved stream-sediment samples, heavy-mineral-concentrate samples (panned from stream
sediments in most cases), and rock samples were the sample media from the RASS and PLUTO
data bases that were considered, because they were the most widely sampled media in the study
area and are the standard sample media for mineral-resource evaluations by the U.S. Geological
Survey. The PLUTO data base contained some samples with very approximate coordinates
(rounded to one-half minute or more of latitude or longitude), and these samples were not
considered in this study, thus ensuring that plotted localities are within about one-half mile of
actual localities.

Standard coding in the RASS and PLUTO data bases does not always specify the size fraction
analyzed for the stream-sediment samples. Examination of the original requests for analysis or
consultation with the original investigators confirmed that the minus-80 mesh (<0.177 mm)
fraction of each of the stream-sediment samples was the fraction analyzed.

Heavy-mineral-concentrate samples from the RASS data base are the nonmagnetic heavy
fraction of stream sediments, except that 15 samples from the west side of the Ivanpah Mountains
were panned from mine-dump material. The RASS concentrate samples were prepared by
subjecting panned samples to a series of magnetic and heavy-liquid separations, resulting in
samples consisting of nonmagnetic ore minerals and heavy accessory minerals such as sphene and
zircon. The PLUTO heavy-mineral-concentrate samples were all derived from stream sediments;
after panning, the highly magnetic minerals (mostly magnetite) were removed with a hand magnet
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and the less magnetic fraction was ground and analyzed (Jean Juilland, oral commun., 1991).
Because of the major difference in the processing of RASS and PLUTO heavy-mineral-concentrate
samples, they were treated as different sample media in the data analysis; drastic differences in
concentrations of common elements such as Fe, Ca, and Mn confirmed that the RASS and PLUTO
concentrate samples should be treated as different sample media.

Of the 944 RASS and PLUTO rock samples, about 700 are specified by coding or by notes to
be samples of mineralized or altered rock or are from faults. These 700 samples may be thought of
as samples of the channels where mineralizing fluids passed. Coding for about 140 of the 944
samples does not indicate whether they are of economic significance; the range of concentrations
for most elements in these approximately 140 samples is 1-2 orders of magnitude and the
maximum concentrations indicate some samples may be mineralized. In any case, concentrations
significantly above expected regional background are of interest, especially if several elements are
anomalously high (geochemical signatures) in the same samples or same areas. When considered
from the standpoint of mineralized rocks, the geochemical signature is more important than
absolute concentrations, because there is usually no way of determining the exact nature of the
sample or the intent of the sampler. For example, the sample may be from a highly mineralized
vein, may be a composite of dump samples, or may be a sample of altered but not obviously
mineralized rock. For this mineral-resource evaluation, data from all 944 rock samples were
combined for data analysis and considered from the standpoint of mineralized rocks.

The NURE data consist of analyses of the 35- to 18-mesh (0.5 to 1.0 mm) fraction of stream
sediments from the Kingman quadrangle and of the minus-100 mesh (0.149 mm) fraction of
stream sediments and soils from the Needles, San Bernardino, and Trona quadrangles. The data
also contain 13 playa sediments. Comparison of the minus-100 mesh stream-sediment and soil
data showed that the two media could be combined into one dataset, and this was done.
Comparison of data from the Kingman quadrangle (35-18 mesh) with data from the Needles-San
Bernardino-Trona quadrangles (minus-100 mesh) showed biases in the means of the
concentrations of as much as two to one for the nine elements included in this report and analyzed
in samples from both areas (Ce, Dy, Eu, La, Lu, Sm, Th, U, and Yb). However, the bias was
high for Ce, Dy, Eu, and Lu in Kingman samples and high for La, Sm, Th, U, and Yb in Needles-
San Bernardino-Trona samples; therefore, the biases in the means are difficult to attribute to
differences in sample grain size and may represent geologic differences or analytical biases.

Evaluation of Data

The standard method of analysis for RASS and PLUTO samples was semiquantitative, direct-
current arc emission spectrography (Grimes and Marranzino, 1968; Myers and others, 1961);
RASS samples were usually analyzed for 31 elements by this method while PLUTO samples were
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analyzed for those 31 elements plus about 15 more, mostly rare earth elements (REE). RASS and
PLUTO samples from some specific areas in the EMNSA were analyzed by atomic absorption and
other methods; these additional analyses were examined but their usefulness is limited because of
poor areal coverage.

Concentrations of elements determined by the emission spectrographic method are usually
reported as six steps per order of magnitude that represent intervals of some power of 10 times 1.2
to 1.8, 1.8 t0 2.6, 2.6 to 3.8, 3.8 to0 5.6, 5.6 to 8.3, and 8.3 to 12 (Motooka and Grimes, 1976).
For most samples in this report, those intervals are represented by the values 1.5, 2, 3, 5, 7, and
10, respectively (or powers of 10 of these numbers). For some samples the reported values are
somewhat different but still represent approximately the same intervals. Upper and lower limits of
determination (table 6) varied somewhat with method and with time during the approximately 6-
year period when the samples were analyzed. These variations are reflected in table 6 by ranges of°
lower determination limits and by some maximum concentrations greater than the customary upper
determination limits listed. The precision of the emission spectrographic method is approximately
plus or minus one reporting interval at the 83 percent confidence level and plus or minus two
reporting intervals at the 96 percent confidence level (Motooka and Grimes, 1976).

In the NURE program, stream-sediment and soii samples were routinely analyzed by neutron
activation analysis for approximately 17 elements (Cook and Fay, 1982). These routine
procedures did not include most of the elements that are generally of interest in mineral resource
evaluations. The NURE program made extensive use of a supplemental package of analyses that
includes most elements of interest in the search for hydrothermal ore deposits, but those
supplemental analyses were performed only on samples from the Kingman quadrangle. In
addition, there are many discrepancies between the digital NURE data base and the published
reports concerning whether analyses, on the one hand, were performed and reported
concentrations were less than the limits of determination, or whether analyses, on the other hand,
were not performed. Therefore, the NURE data base is of limited usefulness for evaluations of
elements that might be indicative of hydrothermal processes but is useful for evaluating the
presence of U, Th, and REE. Coefficients of variation for three NURE stream-sediment or soil
samples that were each analyzed by neutron activation analysis for various elements from 16 to 297
times ranged from 5.0 to 47.8 percent (Cook and Fay, 1982, table 2).

RASS and PLUTO 31-element emission spectrographic data for stream-sediment samples
appeared to be compatible, and thus the two data bases w.cre merged into one dataset for statistical
evaluation and map plotting. RASS and PLUTO 31-element emission spectrographic data for
rocks also appeared to be compatible, and they were also merged into a single dataset. The
additional elements, mostly REE, analyzed by emission spectrography for PLUTO stream-
sediment samples and rock were treated as separate datasets. Data for RASS and PLUTO

50



concentrate samples were treated as separate datasets because differences in sample preparation led
to incompatible geochemical results.

Data Coverage

Figure 23 shows geographic areas covered by the geochemical datasets in and along the border
of the EMNSA. This map is used as a base for other figures in this section of the report.
Sampling localities for the various sample media are shown in figures 24 to 27. Stream-sediment
samples (fig. 24) were collected in almost all of the areas outlined on figure 23; sampling density is
quite sparse except in areas in the Clark Mountain Range, the Ivanpah Mountains, and the
Providence Mountains. PLUTO concentrate samples (fig. 25) are quite evenly but sparsely
distributed throughout the area. RASS concentrate samples (fig. 25) are limited to several areas
and sampling density is fairly adequate for geochemically characterizing those areas; the
Providence Mountains were heavily sampled, allowing an excellent geochemical characterization of
that area. Distribution of sampling sites of rocks (fig. 26) is spotty and is dominated by heavy
sampling in the Providence Mountains. NURE samples (fig. 27) are distributed fairly uniformly,
although somewhat sparsely.

Geochemical Evaluation

Symbol plots of selected elements in the various sample media were prepared in order to show
geochemical trends in the EMNSA and adjacent areas. The selected elements were the possibly
ore-related elements Ag, As, Au, B, Ba, Be, Bi, Co, Cu, Mn, Mo, Nb, Pb, Sb, Sn, Th, U, W,
and Zn. Also included, because of the proximity of the Mountain Pass REE deposit, were the rare
earth-elements La, Ce, Dy, Eu, Lu, Nd, Sm, Tb, and Yb.

Table 6 lists statistics for the selected elements based on samples from the EMNSA and the
surrounding area from 34°30' to 35°45' North latitude and 114°45' to 116°15' West longitude.
Threshold concentrations, defined as highest background concentrations, were selected by visual
and statistical examination of the data, by observation of elemental concentrations near known
mineralized areas, and by reference to published reports of specific geochemical studies of areas
within the study area. The threshold concentrations listed in table 6 for the EMNSA are regional
thresholds and do not take into account any variations in bedrock or other factors. Table 6 includes
published threshold concentrations established for two wilderness study areas within the EMNSA
(Goldfarb and others, 1988, table 3; Miller and others, 1985,tables 1,2); these are included for
reference and illustrate how threshold concentrations vary with scale of the study, local bedrock-
mineralization and the judgment of the individual investigator.

Because lower limits of determination for emission spectrographic techniques are high relative
to average crustal abundances for some elements (Au, Ag, As, Sb, Bi, Th, and W), any detectable

concentration for these elements is anomalous, depending on sample type; some of the rare earth
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elements also fall in this category (Tb, Dy). For elements with a wide range of detectable
concentrations, a "high" category is included and plotted on figures 28 to 47. Because some
subjectivity is involved in establishing threshold concentrations, inclusion of a "high" category
shows the appearances of geochemical patterns if slightly lower thresholds are chosen.

The high proportion of samples with anomalous concentrations of Ag, Ba, Cu, Mo, Pb, and
Zn in rock and heavy-mineral-concentrate samples (table 6) is the result of the large number of
samples collected in highly mineralized parts of the Providence Mountains.

Figures 28-47 show the map distributions of anomalous and high concentrations of elements in
the various sample media. Each figure plots no more than four elements and these are represented
by vertical, horizontal, and diagonal lines. Where any detectable concentration of a given element
is anomalous, only the samples with anomalous concentrations are plotted; otherwise, anomalous
concentrations and high concentrations are shown as lines of longer and shorter length,
respectively.

Any geochemical evaluation of geologic terrane has to deal with the issue of determining which
elemental concentrations are background and which are anomalous. This issue becomes more
difficult when a wide range of rock types is present. For example, the average concentration of
cobalt in mafic rocks is 48 ppm (parts per million), but in granites the average concentration is 1
ppm (Rose and others, 1979, p. 554). If high concentrations of cobalt are accompanied by high
concentrations of other common constituents of mafic rocks, such as Ni and Cr, high
concentrations of cobalt might be due to the presence of mafic rocks and therefore will probably
not be anomalous. On the other hand, if high concentrations of cobalt are accompanied by high
concentrations of base metals but not by Ni and Cr, then hydrothermal activity may be the reason
for the high concentrations; cobalt is part of the geochemical signature for a number of mineral-
deposit types (porphyry copper, for example) that are not associated with mafic rocks (Cox and
Singer, 1986). Therefore, the recognition of geochemical signatures is an important part of this
geochemical evaluation of the EMNSA in view of the wide range of bedrock types. The following
suggestions as to permissive mineral-deposit types in each of the areas discussed are based on the
general types of bedrock in a given area and the geochemical signature for the area.

A special problem in the identification of geochemical signatures in the EMNSA is that of the
recognition of REE signatures inasmuch as the rare earths tend to be present together (Levinson,
1980, p. 868) whether in accessory minerals, such as apatite or monazite, or in economic deposits,
such as at the Mountain Pass Mine. Also, REE tend to be present in high concentrations in
granites of the EMNSA (D.M. Miller, written commun., 1991) and especially in syenite, also a
fairly common rock type in the EMNSA. Thresholds for REE listed in table 6 were established
based on concentrations in RASS-PLUTO stream-sediment and NURE sediment-soil samples
collected within about 0.8 km of the Mountain Pass Mine and also 3.2 to 4.8 km away from the
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mine but downstream. These samples showed an association of REE, Ba, and Sr, all components
of the ore in the Mountain Pass Mine.

Based on mineral-deposit occurrences and on geologic studies of the EMNSA and surrounding
areas, the EMNSA has potential for many types of mineral deposits, including porphyry Cu-Mo
deposits, precious and base metals (polymetallic) in veins or replacement bodies, gold deposits of
several types (Au breccia and volcanic-hosted Au), various types of mineralized skarn, and U-Th-
Nb-REE-bearing carbonatites or pegmatites. Table 7 summarizes the geochemical results on an
area-by-area basis. The areas are discussed in more detail below. The combined RASS and
PLUTO stream-sediment datasets are referred to as stream-sediment samples, whereas the
combined NURE stream-sediment and soil samples are referred to simply as NURE samples.

"ot "o

The following discussions of areas apply the qualitative terms "not," "weakly," "mildly,"
"moderately," or "highly" anomalous to each of the areas as a whole. These qualitative terms are
based on the number and proportion of samples with anomalous concentrations, the number of
elements present in anomalous concentrations, the intensity of the anomalous concentrations in
individual samples, and the number of sample media with anomalous concentrations. A
preponderance of high but not necessarily anomalous concentrations is the basis for regarding
some areas as at least weakly anomalous (table 7) in terms of a given element. The rationale is that
a mineralizing system at depth might result in what appears to be a high background; the
geochemical signature then determines where the area falls on the scale between "not anomalous”
and "highly anomalous." As always, the mineral resource potential of each area is determined by
the geochemistry in conjunction with geologic, geophysical, and mineral-deposit studies and other
evidence. As stated before, the geochemical signatures for each area are defined without regard to
possible grade or tonnage.

Bedrock types in the following sections are listed according to relative abundance in each area.
Elements are listed in the general order of those associated with various sulfide deposits, those
associated with late-stage magmatic differentiates, and those elements that are part of the REE

association; obviously, there is considerable overlap of these three associations.

Soda Mountains

Bedrock of the part of the Soda Mountains on the west border of the EMNSA (fig. 23)
includes Jurassic and Cretaceous granitoid rocks and Mesozoic volcanic and sedimentary rocks (pl.
1). Some stream-sediment samples from the Soda Mountains have anomalous concentrations of
Zn, B, Mo, and Sn. Concentrate samples contain anomalous concentrations of Cu, Ag, Zn, Mn,
Pb, Au, Bi, Sn, Mo, Be, Th, Nb, La, Ce, Tb, Yb, and Dy. No rock samples were collected in the
area. NURE samples have anomalous concentrations of Eu and Lu. The area is overall mildly
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anomalous geochemically. Possible deposit types are porphyry Cu-Mo, polymetallic veins and
replacement bodies, Cu or Pb-Zn skarns, and Th-Nb-REE bearing-pegmatite or carbonatite. The
anomalous values of the Nb-REE elements in concentrate samples may have been derived from
small outcrops of Proterozoic rock too small to show at the scale of our geologic map (pl. 1).
Inasmuch as the Soda Mountains are outside the EMNSA, types of deposit are not shown on the
compilation of the types of mineral deposits (pl. 2).

Little Cowhole Mountain

Jurassic or Cretaceous granitoid rocks of Cowhole Mountains and Cambrian dolomite are
present in approximately equal amounts in the area of Little Cowhole Mountain (pl. 1). The
granitoid rocks of Cowhole Mountains in places are cut by epidote-chlorite veins with or without
quartz and pyrite, especially near their southwesternmost exposure in the Little Cowhole
Mountains. Stream-sediment samples do not contain anomalous concentrations of any of the
elements considered. Concentrate samples contain anomalous concentrations of Cu, Bi, Sn, Mo,
Be, Th, and Tb. No rock samples were collected. The area is geochemically mildly anomalous.
From the available geochemistry, possible deposit types are copper and tin skarns and Th-Be-REE-
bearing pegmatites. Deposits known at Little Cowhole Mountain include the copper skarns at the
Anthony prospects and at the El Lobo Mine (pl. 2). At the Anthony prospects (U.S. Bureau of
Mines, 1990a, map no. 338, pl. 1), copper skarn is seemingly zoned mineralogically from tight,
steeply dipping, in places well-bedded light-green pyroxene skarn to olive-green to -brown
compact masses of approximately 100 percent andradite containing secondary copper minerals that
replace chalcopyrite. Along the easternmost skarn at this locality, skarn is developed variably at
least 500 m along the contact between granitoid of Cowhole Mountain and dolomite. The best
concentration of secondary copper minerals are associated directly with the most intense retrograde
alteration of andradite to epidote. The contact between granitoid of Cowhole Mountain in detail is
quite irregular and the most continuously exposed pod of skarn has a width of approximately 100
to 150 m. In all, some skarn is exposed for more than 800 m along the contact. At the El Lobo
Mine (U.S. Bureau of Mines, 1990a, map no. 339, pl. 1), extensive banded, brown-black garnet-
pyroxene skarn in places is mantled by early-stage calc-silicate hornfels, and cut by K-feldspar-
chalcedonic quartz-bearing veins that include diffuse boundaries that fade into the surrounding
groundmass of calc-silicate hornfels. Medial portions of the mm- to cm-sized veins are occupied
by irregular concentrations of apple-green epidote. In places, ovoid pods of garnet-pyroxene skarn
are approximately 100 m wide. The bulk of the sulfides, mostly chalcopyrite, apparently are
associated with epidote-altered garnet-pyroxene skarn. In addition, some coarsely crystalline
sphalerite, in masses approximately 0.5 cm wide, is intergrown with epidote. The granitoid of
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Cowhole Mountain, in the area immediate to the El Lobo Mine, is mostly a partly chloritized,
hornblende diorite that includes less than 1 volume percent dispersed cubes of iron oxide that
replace pyrite. One of the prospect pits at the El Lobo Mine shows intense development of siderite
to be controlled strongly by minor structures striking north-south, and dipping approximately 40°
west. Nonetheless, the overall concentration of secondary copper minerals in the general area is

relatively weak.

Cowhole Mountain

Bedrock of Cowhole Mountain includes Jurassic or Cretaceous granitoid rocks, Jurassic quartz
arenite, Mesozoic volcanic and sedimentary rocks, Cambrian dolomite, Devonian to Permian
limestone, and Early Proterozoic gneiss and granitoid rocks (pl. 1). The only element present in
anomalous concentrations in samples from Cowhole Mountain is Mo in the lone concentrate
sample from the area. No rock samples were collected. The area is not geochemically anomalous,
based on the RASS and PLUTO stream-sediment data sets and NURE samples. In addition to the
polymetallic and iron skarn shown on plate 2 in the northern part of Cowhole Mountain (U.S.
Bureau of Mines, 1990a, pl. 1, map nos. 343-344), the polymetallic skarn at the Mosaic Queen
(no. 344) is the proximal occurrence in a genetic sense, of a fairly continuous zone of metallization
that extends along a strike length of about 0.5 km in a northwest-southeast direction. At its
southeasternmost end, unprospected metallization in places as much as 30 m wide is dominated by
massive replacement of Cambrian dolomite and Devonian to Permian limestone by specularite
associated with epidote. Some coarsely-crystalline specularite crystals are as much as 1 cm wide,
and the specularite replacement bodies show very sharp contacts with fractured and altered
limestone. The iron metallization becomes dominated by a magnetite-garnet-pyroxene skarn
alteration somewhat to the south of the Mosaic Queen, and some pendants of limestone have been
converted almost entirely to massive epidote that includes some disseminated, fine-grained crystals
of specularite. At the Mosaic Queen sucrosic, gray-white marble weathers pinkish-tan and
includes less than 5 volume percent calc-silicate minerals. Immediately above the major prospect
pit there, magnetite-hematite is intergrown with olive-green to -brown massive garnet. Magnetite
is definitely predominant over specularite. Samples analyzed by the U.S. Bureau of Mines
(1990a) from this locality include as much as 3,900 ppm zinc, 2,600 ppm copper, and greater than
10,000 ppm lead.

Cinder Cone Area

Approximately equal map areas of Cretaceous adamellite and Pliocene and Pleistocene basalt
lava flows dominate the Cinder Cone area due east of Baker in the northwest part of the EMNSA
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(pl. 1). The Cinder Cone area, as defined for this section (fig. 23), includes the Halloran Hills.
Lesser amounts of Early Proterozoic gneiss and granitoid rocks, at and to the east of Seventeen
Mile Point, and Pliocene and Pleistocene basalt cinder deposits are also present. All sample media
are represented in the samples collected in the Cinder Cone area. Many elements are present in
anomalous concentrations in all sample media. Stream-sediment samples contain anomalous
concentrations of Zn, Mo, Co, and B. Concentrate samples have anomalous concentrations of Cu,
Mn, Ag, Zn, Co, Bi, Sn, Mo, Be, B, Th, Nb, Tb, and Yb. Rock samples have anomalous
concentrations of Cu, Pb, Ag, Zn, As, Sb, Mn, Bi, Sn, Mo, and W. NURE samples contain
anomalous concentrations of Th, Ce, and Eu. Possible deposit types, based on geochemistry,
include porphyry Cu-Mo, polymetallic veins and replacement bodies, a variety of types of
mineralized skarn, and Th-Nb-REE-bearing carbonatite and pegmatite. This large area is
moderately anomalous based on the large number of elements present in anomalous concentrations
even though the concentrations tend to be only weakly to moderately anomalous.

Types of deposits known in this general area include gold-silver quartz-pyrite veins,
polymetallic veins, polymetallic fault, and polymetallic and tungsten skarn (pl. 2). Occurrences of
polymetallic fault essentially are oxidized base- and precious-metal mineralized fault zones that
include mostly fault gouge and breccia and lack well-developed concentrations of quartz and
carbonate minerals as gangue. Most of these mineral occurrences are in the general area of
Seventeen Mile Point and the Paymaster and Oro Fino Mines and these epigenetic occurrences are
hosted by Early Proterozoic rocks. There is some likelihood that these areas may be parts of large
slide blocks (H.G. Wilshire and J. Nielson, written commun., 1991). Approximately 50 percent
of the occurrences have been classified as gold-silver quartz-pyrite veins. Generally, widely-
spaced fractures showing northwesterly strikes are filled by brick-red iron oxides that locally
include approximately 0.3-m-wide brecciated vein quartz. The attitudes of such mineralized
fractures and veins are at very high angles to the metamorphic, ductile-style foliation in the
enclosing gneiss and granitoid. At the main workings of the Paymaster Mine (U.S. Bureau of
Mines, 1990a, map no. 353, pl. 1), there is a 1- to 2-m wide zone of brecciated gneiss and
granitoid impregnated highly by vein quartz. Similarly, the zone impregnated by vein quartz, and
presumably gold and silver, is at a high angle to the fabric of the enclosing metamorphic rocks.
Some nearby veins pinch and swell, also at high angles to the metamorphic fabrics. At the
Paymaster No. 3 Mine, mineralized gold-silver quartz-pyrite zones are as much as 2- to 3-m wide,
have a N. 10° W. strike, and dip to the northeast. These zones extend at the surface as much as 50
m from the main portal.

Exposures near the central parts of sec. 22, T. 13 N., R. 10 E. contain epidotized granodiorite
that may be the locus of emplacement of a widespread mineralized system that shows the general
area of the gold-silver quartz-pyrite veins at the Paymaster Mine as a distal manifestation. In the
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pediment area away from the major exposures of bedrock and approximately 0.8 km west of the
Paymaster Mine, there are small pods of 1- to 2-m wide heavily epidotized granodiorite and
possibly some hedenbergitic, calcic exoskarn, where the epidotized granodiorite is in contact with
marble.

Gold-silver quartz-pyrite veins alsc appear to be the predominant type of deposit in the general
area of the Oro Fin:* Mine, SE 1/4 sec. 23, T. 13 N.,, R. 10 E. Such veins have been emplaced
along a west-northwest striking fault there that includes recrystallized, well-bedded marble and
brecciated limestone in its hanging wall. The fault zone is at least 2 to 3 m wide, and shows ample
evidence in outcrop of a brittle style of deformation; its dip is approximately 35° to 40° N. The
brecciated limestone body is terminated to the east by another north-northeast striking fault that
seems to have hosted the bulk of the mineralization explored in the workings. Near the head frame
at these workings, very steeply dipping and shattered rocks crop out for distances as much as 5 to
6 m and have been explored by at least two shafts.

Some of the most intensely mineralized rock this area is in the immediate vicinity of the Oro
Fino Mine and its nearby workings, in the SE 1/4 sec. 23, T. 13 N, R. 10 E. (U.S. Bureau of
Mines, 1990a, map no. 356, pl. 1). This particular mine is designated incorrectly as the
Brannigan Mine on the Old Dad Mountain, 15-minute quadrangle. At the Oro Fino Mine, a west-
northwest striking mineralized fault includes recrystallized, well-bedded limestone and brecciated
limestone in its hanging wall. Presumably these rocks are part of the Paleozoic sequence of rocks
in the EMNSA, but they have not been mapped separately on the accompanying geologic map (pl.
1). The mineralized fault zone is 2- to 3-m wide, and dips 35° to 40° north, and includes gold-
silver, quartz-pyrite-type veins along it. On the east, the limestone megabreccia in the hanging wall
is bounded by a north-northeast-striking, mineralized structure that apparently hosted some of the
most productive ore shoots at the mine and was explored by a major shaft and auxiliary levels.
Heavily iron-oxide-stained quartz-pyrite veins show maroon- to brick-red colors, that grade into
ochre-dominated colors. In the area of the main head frame, very steeply dipping shattered
mineralized rocks along the north-northeast mineralized structure are as much as 5 to 6 m wide and
explored by at least two shafts.

The workings of the Brannigan Mine are close to the SE corner of sec. 26 T., 13 N.,R. 10 E,,
(U.S. Bureau of Mines, 1990a, map no. 362, pl. 1). Near these workings, some well-bedded
quartzite includes a thin, quartz-pebble conglomerate at its base that lies unconformably on gneissic
metaquartzite that presumably is Proterozoic in age. The quartzite is probably Late Proterozoic and
Cambrian in age and is included with the Early Proterozoic gneiss unit on the geologic map of the
EMNSA because of its limited areal extent (pl. 1). At the main workings of the Brannigan Mine
(termed the Brannigan East by the U.S. Bureau of Mines (1990a), and subsequently reclaimed as
the Rachele claim group), quartz-sulfide (pyrite) veins with or without chalcopyrite and tremolite
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and(or) actinolite appear to have been the ore worked in the past. Some of these veins show
altered, enclosing wall rocks that show a coarsely-crystalline dark green, possibly hedenbergitic
pyroxene. Such zones of alteration and mineralization follow closely bands of dolomite in the
Paleozoic rocks. A sample analyzed by the U.S. Bureau of Mines (1990a) from this locality
included 8,750 ppb gold and 160 ppm silver to seemingly confirm thereby the high silver/gold
ratio characteristic of many polymetallic veins in the EMNSA (see below).

In the Turquoise Mountain Mining District of the Halloran Hills, just outside the EMNSA,
copper-molybdenum mineralization is reported to be related apparently to shallow-seated
porphyritic intrusions (Hall, 1972). There is little known mineralization in Proterozoic rocks of
this area. Mineralization at the Telegraph Mine (U.S. Bureau of Mines, 1990a; map no. 121, pl.
1), near the southeast end of the Halloran Hills, includes low-sulfide, vug filling quartz veins that
are gold- and silver-bearing and that were emplaced approximately at 10 Ma (Lange, 1988). These
veins cut the Cretaceous Teutonia Adamellite of Beckerman and others (1982) and they are
classified by us as gold-silver, quartz-pyrite veins that are epithermal and wrench fault-related (see
below). Early Proterozoic rocks in southeastern parts of the Halloran Hills lie within the Cinder
Cones Wilderness Study Area where Wilshire and others (1987) found no evidence of
mineralization. Wilshire and others (1987) assigned a low potential for gold and silver to areas
underlain by Early Proterozoic rocks primarily because of their proximity to Cretaceous plutonic
rocks, thought elsewhere in the region to be associated genetically with mineralization in
Proterozoic wall rocks (Hewett, 1956). However, neither indications of mineralization in the
vicinity of those contacts nor signs of prospecting were found by Wilshire and others (1987).

Marl Mountains

Bedrock geology of the Marl Mountains, approximately 6 km northeast of Kelso Peak, is
dominated by Cretaceous adamellite (pl. 1). Early Proterozoic gneiss and granitoid rocks are also
present. Stream-sediment samples from the Marl Mountains have anomalous concentrations of Pb,
Ag, Zn, and Mo. Concentrate samples have anomalous concentrations of Cu, Ag, Zn, Au, Bi, Sn,
Mo, Th, La, Ce, Nd, Sm, Tb, Yb, and Dy. No rock samples from the Marl Mountains are
available. NURE samples have anomalous concentrations of Th, La, Eu, and Dy. The area is
moderately anomalous geochemically. Deposit types possible from these data include porphyry
Cu-Mo, polymetallic veins and replacement bodies, and REE-Th-bearing carbonatite and
pegmatite. Cretaceous adamellite in the Marl Mountains is known to include four polymetallic
veins, five gold-silver quartz-pyrite veins, and one polymetallic fault (pl. 2).
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Old Dad Mountain

No single rock type dominates Old Dad Mountain and its surrounding area (pl. 1). The
promontory at Old Dad Mountain itself is underlain by a resistant knob of limestone that is part of
the Devonian to Permian limestone unit. Units present are Early Proterozoic gneiss and granitoid
rocks, Devonian to Permian limestone, Jurassic granite, Mesozoic volcanic and sedimentary rocks,
Late Proterozoic and Cambrian siliciclastic rocks, and Tertiary volcanic rocks. Dunne (1972,
1977) mapped the Old Dad Mountain area and included all Proterozoic rocks in a single
metamorphic rock map unit; he provided scanty information on these rocks. Hewett (1956)
reported the presence of granite, schist, and quartzite intruded by syenite dikes. Stream-sediment
samples from Old Dad Mountain do not have anomalous concentrations of any of the elements
considered. Concentrates have anomalous concentrations of Cu, Pb, Ag, Bi, Sn, Th, and Tb.
Rocks have anomalous concentrations of Cu, Pb, Zn, Ag, Au, Co, Mo, Bi, B and Be. NURE
samples have anomalous concentrations of Eu. The area is mildly anomalous geochemically.
Porphyry Cu-Mo deposits, polymetallic vein or replacement bodies, mineralized skarn, pegmatites,
or carbonatites may be present on the basis of the elemental concentrations above. The area in the
vicinity of Old Dad Mountain under discussion here extends approximately 16 km in a northwest-
southeast direction from south of Seventeen Mile Point to south of the Kelso Mountains (pl. 1).
From northwest to southeast, the types of deposits in the vicinity of Old Dad Mountain include
polymetallic faults at the Sweet (Reviella) claim group (U.S. Bureau of Mines, 1990a, map no.
366) and Lucky (ODM) claim group (map no. 368), some polymetallic veins also at the Lucky
(ODM) claim group, and iron skarn at the Old Dad Mountain iron deposit (map no. 369) showing
also some minor amounts of polymetallic vein present. In addition, there is copper- and zinc-
bearing magnetite skarn at the Golden M (map no. 372) approximately 3 km southeast of the main
promontory at Old Dad Mountain itself (pl. 2) that we classify as polymetallic skarn.

Although these four mineralized occurrences extend almost across the entire length of the Old
Dad Mountain area, surface indications of alteration are confined to the general areas of the
mineralized occurrences. However, alteration is well-exposed and widespread at one of the
occurrences. At the Lucky (ODM) group of claims, a zone of chloritic alteration, as much as 150
m thick and containing abundant iron oxides (presumably after iron sulfide(s) of some type), is
present in Cambrian and Late Proterozoic siliciclastic rocks (map unit CZs, pl. 1), that as mapped
includes shattered and chloritized granodiorite. Some of this granodiorite contains fault zones
filled by 0.3 m-wide ochre gossan. Recrystallized limestone, presumably part of map unit PDI and
seemingly in tectonic contact with the siliciclastic rocks, overlies the siliciclastic rocks and, in

places, is laced with iron-oxide strained fractures. Shattered siliciclastic rocks below the contact
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show fairly abundant secondary copper minerals on their weathered surfaces together with some
glassy-appearing, vein-type quartz. The exposed width of these shattered rocks showing signs of
‘mineralization at this particular locality is as much as 150 m and the strike length is approximately
3.5 to 4 km. Some narrow, sulfide-impregnated rhyolite or rhyodacite, clay-altered dikes, that
contain 5 to 15 volume percent phenocrystic quartz, have been emplaced into the shattered
siliciclastic rocks and apparently are related genetically to the surrounding alteration. A select
sample analyzed by the U.S. Bureau of Mines (1990a) from this locality includes about 500 ppb
gold. In many gold-rich porphyry-type systems, 500 ppb is the concentration of gold in many of
the ore zones (Sillitoe, 1979), and this value of gold in select samples is considered by many
exploration geologists to constitute a threshold that warrants additional investigation. As a
comparison, geochemical studies of the Kalama~.oo porphyry copper deposit, Ariz., show that the
ore there, not known particularly for its gold content, contains as much as 800 ppb gold along
some extended intercepts of drill core (Chaffee, 1976). Much of the area of Old Dad Mountain is
included within a tract permissive for the presence of iron skarn on the basis of fairly contiguous
positive magnetic anomalies as we describe below. However, the alteration in the general area of
the Lucky (ODM) group of claims suggests that other types of occurrences may be present,
including porphyry gold and polymetallic replacement (see below), in addition to those already
listed above.

At the Old Dad Mountain iron deposit, massive magnetite-hematite replacement bodies show
knife-edge contacts with the surrounding coarsely crystalline, brecciated white marble. The U.S.
Bureau of Mines (1990a) estimates 400,000 to 500,000 tons of magnetite-hematite-rich rock
remain in place at this locality. Much of the magnetite is intergrown with actinolite, and seems to
be related genetically to a highly schistose, chloritized granodiorite, not shown on plate 1 because
of its relatively small size, that is cut by magnetite-actinolite-epidote veins. Blades of actinolite
commonly are present in clusters as much as 2 to 4 cm wide. In addition, the schistose
granodiorite shows some early-stage gray-green pyroxene hornfels near its contacts with
limestone. The apparently richest pods of magnetite-bearing rock formed in limestone that crops
out somewhat away from the actual contact with schistose granodiorite, perhaps as much as 5 to 10
m from the contact. Overall, the mineralization at this locality is associated with a low-sulfur-
bearing environment, although minor amounts of secondary copper minerals, probably
chrysocolla, are present in some of the pods of magnetite as alteration products of chalcopyrite.

At the Golden M polymetallic skarn occurrence, most mineralization is confined to an
approximately 1-m wide minor fault zone that strikes about N. 40° E., dips 80° to 90° south and
that separates a small mass of Proterozoic gneiss, included with undivided Mesozoic volcanic and
sedimentary rocks (map unit MZv, pl. 1), from Permian to Devonian limestone (map unit PDI).
The fault zone is at a high angle to foliation in the gneiss. Secondary copper minerals are present
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in most masses of magnetite-epidote that form highly irregular replacement pods along a strike
length of about 150 to 300 m. Some garnet skarn that is olive-green-brown in color shows
impregnation by reticulated, mm-sized veinlets of magnetite. In addition, much of the limestone
close to the workings (2 adits and an incline) is heavily stained by orange iron oxide(s) suggestive
of impregnation by some iron sulfides. One of the samples analyzed by the U.S. Bureau of Mines
(1990a) from this locality includes more than 500 ppb gold.

Kelso Mountains

Bedrock of the Kelso Mountains includes Early Proterozoic gneiss and granitoid rocks, Late
Proterozoic and Cambrian siliciclastic rocks and Cretaceous granitoid rocks (pl. 2). Concentrate
samples have anomalous concentrations of Cu, Ag, Au, W, La, Ce, Nd, Sm, Tb, and Dy. NURE
samples contain anomalous concentrations of La and Dy. There are no rock samples from the area
in the data bases. The area is geochemically mildly anomalous overall. Mineralized skarns and
REE-bearing pegmatite and carbonatite are possible deposit types. The Kelso Mountains are
characterized by a REE geochemical signature, although the presence of Cu, Ag, and Au may be
indicative of the presence of polymetallic veins. Types of mineral occurrences known in the
general area of the Kelso Mountains include polymetallic fault, gold-silver quartz-pyrite vein, and
polymetallic vein (pl. 2). Most of these occurrences, 12 in all, are associated spatially with Late
Proterozoic and Cambrian siliciclastic rocks that crop out in the southeastern part of the Kelso
Mountains (pl. 1). The two gold-silver quartz-pyrite veins known here crop out in areas underlain
by Early Proterozoic gneiss and granitoid rock. These spatial associations between type of mineral
occurrence and host rock suggest derivation of some of the gold and silver from Early Proterozoic
gneiss and granitoid rock as we describe below. We presume the known mineralization in the
general area of the Kelso Mountains to be related to Mesozoic magmatism. However, Jurassic or
Cretaceous granitoid rock (pl. 1) that crops out in the southern part of the Kelso Mountain area is
not known to host any metallic mineral occurrences. Analyses of mineralized rock from the area of
the Kelso Mountains further suggests that overall intensity of precious-metal mineralization here is
less than that found elsewhere in the EMNSA (U.S. Bureau of Mines, 1990a). Only two analyzed
samples of mineralized rock contain more than 500 ppb gold at the 12 sites.

Bristol Mountains

Bedrock of the Bristol Mountains at the edge of the EMNSA near its southwest corner and
northwest of the Granite Mountains consists of Jurassic granitoid rocks. Stream-sediment samples
in the Bristol Mountains contain anomalous concentrations of Mn, Pb, Zn, Sn, Mo and B.
Concentrate samples contain anomalous concentrations of Cu, Mn, Ag, Zn, Be, Nb, La, Nd, Sm,
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Eu, Yb, and Dy. NURE samples have anomalous concentrations of Yb and Eu. The data bases
contain no rock data. The area geochemically is mildly to moderately anomalous overall. Skarn,
polymetallic vein or replacement bodies, and REE-bearing carbonatite or pegmatite are possible
deposit types. We have not classified or shown the distribution of the types of mineral occurrence

present in the Bristol Mountains.

Clark Mountain Range

Bedrock of the Clark Mountain Range includes Early Proterozoic granitoid rocks and gneiss,
Late Proterozoic and Cambrian siliciclastic rocks, Cambrian dolomite, and Devonian to Permian
limestone (pl. 1). The Clark Mountain Range is moderately to highly anomalous from a
geochemical standpoint. Many elements are present in anomalous concentrations in all sample
media (table 7). Present and past mining activities emphasize the anomalous geochemistry of the
area. The presence of the Mountain Pass carbonatite-hosted REE deposit is reflected by anomalous
concentrations of REE in concentrate and NURE samples. Other possible deposit types in the
Clark Mountain Range include porphyry Cu-Mo, polymetallic vein and replacement bodies, skarn,
and pegmatite, based on the anomalous metal concentrations. Types of mineral occurrences and
deposits in the Clark Mountain Range include: (1) silver-copper veins in brecciated dolostone; (2)
polymetallic veins; (3) gold breccia pipe at the Colosseum Mine (see below); (4) tungsten veins; (5)
barite veins; (6) polymetallic replacement; (7) copper skarn; (8) zinc-lead skarn; (9) gold-silver
quartz-pyrite vein; (10) placer gold-PGE; and (11) polymetallic skarn (pl. 2). As we describe
below, many of these deposits and mineral occurrences apparently are linked genetically as
exemplified by many occurrences that surround the gold breccia pipe at the Colosseum Mine
(Sharp, 1984). Silver-copper brecciated dolostone, tungsten veins, and barite veins apparently are
related to emplacement of the gold breccia pipe at the Colosseum Mine during the Cretaceous (see
below). All of the tungsten vein occurrences are present on the east side of the range and they are
hosted by Early Proterozoic younger granitoids (map unit Xgi, pl. 1). In addition, on the west
side of the range, some of the polymetallic replacement deposits and occurrences are present in an
environment distal to polymetallic, copper, and zinc-lead deposits and occurrences (pl. 2). Lastly,
mineralization at the Conquistador No. 2 Mine (U.S. Burcau of Mines, 1990a, map no. 70, pl. 1)
apparently is related to development of the metamorphic fabric in the enclosing Cambrian and Late
Proterozoic siliciclastic rocks (pl. 1). At this locality, there are a series of shafts and approximately
15 renches and shallow prospects that explore a N. 35° E., 35° to 45°-north dipping vein exposed
discontinuously along a strike length of about 300 m. Where well exposed in the shafts, individual
veins commonly are as much as 1 m wide and they show bleaching of the surrounding siliciclastic
rocks for distances of about 3 m on either side of the trace of the vein segments. Quartz in the
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veins is milky-white in color and typically includes some iron oxides that replace pyrite, which at
one time constituted probably as much as 2 volumes percent of the vein. The fabric of the vein
quartz parallels the schistosity in the surrounding siliciclastic rock. Elsewhere in the general area
of the Conquistador No. 2 Mine, wispy, apparently deformed, stringers of vein quartz cut across
the well-developed slaty cleavage in the siliciclastic rocks. The occurrences at the Conquistador
No. 2 Mine are one of the few places in the EMNSA where mineralization seems to be associated
with the metamorphic deformation that has affected the rocks. Nonetheless, our cursory
examination of exposures of the siliciclastic rock in the general area of the Conquistador No. 2
Mine suggests that this type or style of mineralization is fairly isolated. There is no widespread
development of a pervasive low-sulfide, gold quartz type of vein mineralization, as we classify the
Conquistador No. 2 Mine following the criteria of Cox and Singer (1986) for these types of
deposit.

Mescal Range

Bedrock of the Mescal Range includes Cambrian dolomite, Late Proterozoic to Cambrian
siliciclastic rocks, Jurassic sandstone, Devonian to Permian Limestone and Cretaceous granitoid
rocks (pl. 1). Concentrations of Pb, Zn, and Tb are anomalous in concentrate samples. There are
no rock samples from the area shown as Mescal Range on figure 23. Polymetallic veins or
replacements are the most likely deposit types in the area in as much as Early Proterozoic rocks
hosting REE-bearing pegmatite and carbonatite do not crop out in this area. Known deposits and
occurrences in the general area of the Mescal Range are predominantly zinc-lead bearing. They
include zinc-lead skarn (exemplified by the Mohawk Mine), polymetallic skarn, polymetallic
replacement, and polymetallic vein, and they are concentrated especially in the general area of
several small bodies of Cretaceous monzogranite that crop out near the west end of Mohawk Hill in
the northwestern part of the area of the Mescal Range (pl. 2). In addition, there are a small number
of gold-silver quartz-pyrite veins and one placer gold occurrence, the latter present in gravels near
the Mohawk Mine. The widespread presence of zinc-lead-bearing types of deposit here contrasts
markedly with the copper-bearing types, classified mostly as copper skarn (pl. 2), just to the north
of Mohawk Hill in the general area of the Copperworld Mine. However, the predominance of
zinc-lead types of occurrences here does not exclude the possibility of significant precious-metal
deposits being present. There are some fairly widespread exposures of coarse-grained
monzogranite porphyry that are intensely propylitically and argillically altered in association with
emplacement of pyritic-bearing quartz veins and stockworks in the southern part of the Mescal
Range. These exposures of altered monzogranite, shown as map unit Kg1 on the geologic map of

the EMNSA (pl. 1), are in the general area of the Iron Horse (Bonanza), Lead Lady, and Blue
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Buzzard Mines (U.S. Bureau of Mines, 1990a, map nos. 144-146, pl. 1). The mostly
polymetallic replacement-type mineralization at these three deposits appears to be related to the
altered monzogranite. However, analyses by the U.S. Bureau of Mines (1990a) of mineralized
rock from these three deposits all show gold concentrations of <500 ppb (pl. 6). Nonetheless,
many jasperoids in the general area of these deposits include gold concentrations in excess of
1,000 ppb, and related targets are currently (1991) being drilled by the exploration group of Phelps
Dodge Mining Co. (John D. Forrester, oral commun., 1991). Additional discussion concerning
genetic linkages among types of deposits is included below.

ivanpah Mountains

Bedrock of the Ivanpah Mountains includes Jurassic granite, Early Proterozoic granitoid rocks,
gneiss, and migmatite, Devonian to Permian limestone, Late Proterozoic and Cambrian siliciclastic
rocks, and Cambrian dolomite (pl. 1). Stream-sediment samples from the Ivanpah Mountains
contain anomalous concentrations of Cu, Ag, Zn, Mo, Sn and W. The other sample media contain
anomalous concentrations of many elements that suggest the presence of polymetallic veins or
replacement bodies, porphyry Cu-Mo deposits, skarns, and carbonatites or pegmatites containing
deposits of REE or Th. Concentrate samples have anomalous concentrations of Cu, Mn, Pb, Ag,
Au, Co, Bi, Mo, W, Sn, Be, Th, La, Ce, Nd, Sm, Tb, and Dy. Rock samples have anomalous
concentrations of Cu, Zn, Co, Mn, Pb, Ag, As, Sb, Ba, Bi, Sn, Mo, Be, and B. NURE samples
contain anomalous concentrations of Th, U, La, Ce, Lu, Sm, Eu, Tb, Yb, and Dy. Overall the
Ivanpah Mountains are geochemically moderately to highly anomalous. Thick sequences of
Paleozoic carbonate rock are exposed prominently in the Striped Mountain block of the Ivanpah
Mountains area (pl. 1). Deposit types in this block include tungsten skarn, polymetallic fault,
polymetallic vein, copper skarn, and one unnamed occurrence of low-sulfide, gold-quartz vein in
the Cambrian and Late Proterozoic siliciclastic rocks (U.S. Bureau of Mines, 1990a, map no. 16,
pl. 1). At the latter locality, shattered rocks, approximately 1 m wide, show local emplacement of
quartz-pyrite-minor chalcopyrite veins at a high angle to the regional attitude of foliation in the
surrounding siliciclastic rock. However, the vein quartz is itself deformed and shows a foliated
fabric including lineated margins lacking carbonate minerals in its selvages. Approximate attitude
of the veins is N. 40° W, with a 55° S. dip. Jasperoid along a 2- to 3-m-wide steeply dipping
fault that strikes N. 35° W, at the Express Mine (U.S. Bureau of Mines, 1990a, map no. 171, pl.
1) has been explored by a 10- to 12-m-wide open cut and is classified by us as a polymetallic fault
(pl. 2). In addition, the area of Striped Mountain contains a vast resource of limestone, apparently
including also a large proportion of paper-grade limestone (U.S. Bureau of Mines, 1990a).
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The bulk of the mineralization in terms of numbers of occurrences is present in Jurassic
granitoid rock as polymetallic veins, gold-silver quartz-pyrite veins, polymetallic faults, zinc-lead
skarns in pendants too small to show at the scale of the geologic map, and one fluorite vein
(pl. 2). The gold-silver quartz-pyrite veins show no apparent lateral zonation relative to the
distribution of polymetallic veins in this general area. The tin (tungsten) skarn mineralization at the
Evening Star Mine (U.S. Bureau of Mines, 1990a, map no. 193, pl. 1) apparently is related to
emplacement of Jurassic granitoid rock, although the main mass of the Jurassic granitoid rock
crops out approximately 1 to 5 km east of the workings at the Evening Star Mine (pl. 1). Narrow
dikes at the Evening Star Mine and at the nearby Standard No. 2 Mine are similar lithologically to
Jurassic granitoid rock east of these two occurrences. At the Evening Star Mine, chalcopyrite-
bearing tremolite hornfels is present near the outer limits of skarn development and is mantled by a
zone of recrystallized limestone that includes fine-grained crystals of magnetite and(or) pyrite. In
places, the marble has been dolomitized as much as 10 m away from some zones of heavily
sulfidized, structurally controlled skarn. To the south-southwest of the Evening Star Mine,
Jurassic granitoid has been converted to an epidote endoskarn showing relict outlines of
plagioclase. Magnetite is abundant in many of the pods of skarn at the Evening Star Mine, and the
magnetite seems to be one of the earliest post-silicate phases to crystallize in the open space
environment of the skarns there.

Cima Dome

Bedrock of the Cima Dome area includes two bodies of Cretaceous adamellite made up of the
Teutonia Adamellite and the Kessler Springs Adamellite, both of Beckerman and others (1982) and
an elongate, northwest-trending body of Jurassic granite (pl. 1). Geochemical samples in the area
of Cima Dome are represented by only one sample, a rock that contains an anomalous
concentration of the element Tb. There is only one known mineral occurrence in the area of Cima
Dome; this occurrence is at the Teutonia Mine (U.S. Bureau of Mines, 1990a, map no. 210, pl. 1).
At the Teutonia Mine, polymetallic-vein mineralization is concentrated along a N. 60° W.-striking
zone in the Kessler Springs Adamellite of Beckerman and others (1982). Alteration in the area of
the mine extends approximately 20 to 30 m from some of the major strands of vein exposed by
several currently inaccessible shafts, and alteration consists mainly of conversion of plagioclase to
clay minerals, possibly including some halloysite. Some 4- to 5-cm wide greasy-gray veins of
quartz show early-stage sulfide(s), now oxidized to ochre-brown iron oxides, primarily along the
walls of the veins but also including some late-stage sulfide(s) along the medial parts of the veins.
A select sample of ore obtained from a dump at the Teutonia Mine was examined using the
scanning electron microscope. Silver-bearing minerals identified include galena and argentite.

65



Contents of silver in galena are highly variable even at the scale of the several-hundred-micron-
wide domains examined. Some silver-bearing galena, as narrow 5 mm-wide rims surrounding
discontinuously much larger crystals of sphalerite, is confined to short segments of the rims. The
remaining galena is apparently free of any detectable silver. Some of the tetrahedrite detected is
argentiferous and it seems to be paragenetically intermediate between early-stage sphalerite and
late-stage galena that is notably nonsilver bearing. Other minerals detected during the scanning
electron microscope study are aurichalcite (ideally 2(Zn, Cu)CO,-3(Zn, Cu) OHy), barite,
possibly specular hematite, covellite, and argentite. Argentite is present as feathery 2 to 3 mm long
crystals on the borders of irregularly shaped crystals of galena. The argentite is mantled by
covellite in places. Overall, the locality shows relatively sparse concentrations of secondary copper
minerals, including both malachite and chrysocolla. Although some veins also include iron-
carbonate minerals in them, the veins overall still retain a high quartz/carbonate mineral ratio. No
carbonate minerals were noted in the walls of the veins. In places, vein material is coxcombed,
brecciated, and filled by jasperoidal material. We have classified the mineralization at the Teutonia
Mine as a silver-rich variety of polymetallic vein. Production from the Teutonia Mine apparently
includes approximately 1,500 oz silver during 1880 (U.S. Bureau of Mines, 1990a).

New York Mountains

The New York Mountains include extensive areas of Cretaceous adamellite (namely, the Mid
Hills Adamellite of Beckerman and others, 1982) and Early Proterozoic migmatite and granitoid
rocks and lesser amounts of Tertiary basalt and andesite, Devonian to Permian limestone,
Cretaceous granodiorite, Tertiary dacite flows, Mesozoic volcanic and sedimentary rocks, Triassic
sedimentary rocks, Cambrian dolomite, and Miocene rhyolite ash-flow tuff (pl. 1). Numerous
elements are present in anomalous concentrations in all sample media from the New York
Mountains. Geochemically, the area is one of the most highly anomalous in the EMNSA. Stream-
sediment samples contain anomalous concentrations of Cu, Mn, Pb, Ag, Zn, Mo, W, Co, B and
Be. Concentrate samples have anomalous concentrations of Cu, Mn, Pb, Ag, Zn, Co, Ba, Bi, Sn,
Mo, W, Be, B, Th, Nb, La, Ce, Nd, Sm, Eu, Tb, Yb, and Dy. Rock samples have anomalous
concentrations of Cu, Pb, Ag, Zn, Au, As, Co, Sb, Ba, Bi, Sn, La, Mo. and B. NURE samples
have anomalous concentrations of Th, U, La, Ce, Lu, Eu, and Yb. Possible deposit types are
porphyry Cu-Mo, polymetallic vein and replacment bodies, disseminated Au, skarn of all types,
and U-Th-Nb-bearing carbonatite and pegmatite. The Mid Hills adamellite of Beckerman and
others (1982) hosts the Big Hunch stockwork molybdenum deposit (U.S. Bureau of Mines,
1990a, map no. 290, pl. 1; Ntiamoah-Agyakwa, 1987) that shows intensely developed quartz
stockworks cropping out across an area of approximately 5 km?2 near the southwest edge of the
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New York Mountains (pl. 2). In addition, the New York Mountains include the following types of
deposit: (1) polymetallic fault, gold-silver quartz-pyrite vein and polymetallic vein in Early
Proterozoic migmatite; (2) copper skarn and polymetallic skarn in Permian to Devonian limestone;
and (3) polymetallic vein, polymetallic fault, gold-silver quartz pyrite vein, and tungsten vein in the
Mid Hills Adamellite of Beckerman and others (1982). The most intense concentration of mineral
occurrences and deposits is present in the Early Proterozoic migmatite (pl. 2). Analyses of
mineralized rock from a cluster of these occurrences and deposits, in an area of about 20 km?2 near
the site of Vanderbilt, show gold concentrations higher than 500 ppb (pl. 6).

Mid Hills

Cretaceous Mid Hills Adamellite and Rock Springs Monzodiorite, both of Beckerman and
others (1982), and Early Proterozoic granitoid rocks are the predominant rock types in the Mid
Hills (pl. 1). Tertiary tuffs are also present. Stream-sediment samples from the Mid Hills contain
anomalous concentrations of Zn, Mo, Be, and B. Concentrate samples contain anomalous
concentrations of Mn, Ag, Ba, Bi, Mo, W, B, Th, Nb, La, Ce, and Nd. Rock samples contain
anomalous concentrations of Cu, Mn, Pb, Ag, Bi, As, Ba, Co, W, Mo and Sn. NURE samples
contain anomalous concentrations of Ce. Possible deposit types include porphyry Cu-Mo,
polymetallic vein and replacement bodies, skarns, and REE-Th-Nb-bearing pegmatites and
carbonatites. The area is mildly to moderately anomalous overall from a geochemical standpoint.
The Mid Hills area includes some polymetallic vein, gold-silver quartz-pyrite vein, and
polymetallic fault types of occurrences and deposits, together with a small number of polymetallic
skarn and copper skarn occurrences hosted by pendants of Devonian to Permian limestone within
the Mid Hills Adamellite of Beckerman and others (1982) (pl. 2). Most of these occurrences are
present near the mapped outer limit of the Mid Hills Adamellite. Analyses of mineralized rock
from several polymetallic vein and polymetallic fault-types of occurrences in the general area of the
Gold Valley Mine (U.S. Bureau of Mines, 1990a, map no. 570, pl. 1) show gold concentrations
in excess of 500 ppb (pl. 6). Although the Mid Hills Adamellite in places shows intense
mineralization at the surface, large areas of this rock in the Mid Hills are unaltered.

Providence Mountains

Geology in the Providence Mountains is complicated by the presence of major faults that bound
many of the map units (pl. 1). The area is dominated by Devonian to Permian limestone,
Cambrian dolomite, and Jurassic granitoid rocks, including quartz monzonite of Goldstone and
quartz syenite of Winston Basin, Early Proterozoic granitoid rocks, and Miocene rhyolite ash-flow
tuff (pl. 1). There are also significant amounts of Cretaceous porphyritic monzogranite, Late
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Proterozoic and Cambrian siliciclastic rocks, and Jurassic hypabyssal and metavolcanic rocks and
diorite. The Providence Mountains are geochemically the most highly anomalous area in the
EMNSA. They have been heavily sampled; map plots emphasize the anomalous nature of the area.
All sample media contain anomalous concentrations of many elements. Stream-sediment samples
contain anomalous concentrations of Cu, Mn, Pb, Ag, Zn, Co, Sn, Mo, Ba, Bi, and B.
Concentrate samples have anomalous concentrations of Cu, Mn, Pb, Ag, Zn, Au, Ba, As, Co, Sb,
Bi, Sn, Mo, W, B, Th, Nb, La, Ce, Nd, Sm, Eu, and Tb. Rock samples contain anomalous
concentrations of Cu, Mn, Pb, Ag, Zn, Au, Ba, Co, Sb, As, Bi, Sn, Mo, W, Be, B, Th, Nb, Nd,
Eu, Tb, Yb, La, Ce and Dy. NURE samples contain anomalous concentrations of Th, U, La, Lu,
Sm, Eu, Yb, Ce and Dy. Possible deposit types in the Providence Mountains include porphyry
Cu-Mo, polymetallic veins and replacement bodies, mineralized skam of all types, disseminated
Au, and REE-U-Th-Nb-bearing carbonatite and pegmatite.

Plate 2 shows the density and overall distribution of types of mineral occurrences in the
Providence Mountains. That part of the northern Providence Mountains underlain by Early
Proterozoic intermediate-age granitoids, mostly augen gneiss of granite and granodiorite
composition, includes the most dense concentration of metallic mineral occurrences in the
EMNSA. In this area, the metallic mineral occurrences seem to be preferentially concentrated in a
broadly elongate, north-northeast trending zone centered along the trace of the East Providence
fault (pl. 1). Polymetallic vein-, polymetallic fault-, and gold-silver, quartz-pyrite vein-types of
occurrences are predominant. Near the center of this intensely mineralized area, there are also
shown two occurrences of possible low-fluorine, stockwork molybdenum systems (pl. 2). These
two possible stockwork molybdenum systems are in, and in the general area of Cretaceous
intrusive breccia (map unit Kmh, pl. 1) at Globe Wash (Goldfarb and others, 1988). Goldfarb and
others (1988) describe these molybdenum occurrences as follows. In upper Globe Wash, massive
felsic dikes or sills and irregularly shaped, silica-cemented (collapse?) breccias are altered to quartz
and sericite. Widespread propylitic alteration in Proterozoic gneiss becomes more pervasive and
intense near mineralized zones. Sericitic alteration of wall rock is common along quartz veins.
The SS No. 17 prospect contains visible grains of molybdenite (a select sample yielded 0.025
percent molybdenum) along with large pyrite crystals and native sulfur after pyrite, in massive,
white radial and ring quartz dikes surrounding a felsic intrusive breccia. Another select sample of
gossan from a minor fault in the general area of the SS No. 17 prospect includes approximately
0.06 weight percent molybdenum (table 4, analysis no. 46). The development of breccia in this
general area may reflect explosive release of vapor concomitant with transition from a single phase
to a two phase fluid regime. Several companies have explored this area since 1970 on the basis of
evidence suggesting a molybdenum stockwork deposit at depth. The highest molybdenum
concentrations were detected in chip samples collected near the SS Nos. 20-22, 27-29 Mine, South
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(Star? Mine), which are near the center of the area of molybdenum exploration. Goldfarb and
others (1988) further suggest that there is unknown potential for a molybdenum porphyry system
in upper Globe Wash. Brecciated, porphyritic, leucocratic Cretaceous Mid Hills Adamellite
intruding Proterozoic gneiss to the west of the East Providence fault zone shows extensive
propylitic and argillic alteration, with local sericitic alteration and pyritization common near
silicified breccia zones. One prospect pit contains molybdenite rosettes in white quartz veins of
both ring and radial geometry; the veins have anomalous fluorine, lead, and zinc concentrations.

Although the age of mineralization of the polymetallic veins and other occurrences hosted by
the Early Proterozoic intermediage-age granitoids has not been established, they may be related to,
and zoned around, a large Cretaceous-age porphyry-type system centered on the molybdenite
occurrences at Globe Wash described above. However, the lateral extent of the quartz stockworks
at Globe Wash at the inferred center of the system is quite small compared to the areal size and
intensity of quartz stockworks known in many other similar stockwork molybdenum systems
(Theodore and Menzie, 1984; Theodore and others, 1991). In fact, at Globe Wash, brecciated
fragments of sericitically altered granite have been flooded secondarily by quartz and some
molybdenite (Goldfarb and others, 1988) across only a relatively small area in the bottom of Globe
Wash. The vein quartz is not coextensive with the mapped Cretaceous granite (map unit Kmbh, pl.
1). Therefore, we suggest that if this truly is the central part of a very large porphyry system, then
the most heavily molybdenum- and(or) copper-mineralized parts would be at extreme depths below
the surface.

Granite Mountains

Bedrock of the Granite Mountains is dominated by Cretaceous granitoid rocks, mostly 70 to 75
Main age (pl. 1). Lesser amounts of Jurassic diorite and granitoid rocks are also present.
Concentrate and rock samples have anomalous concentrations of many elements. Copper, Mn,
Pb, Ag, Zn, Co, Ba, Bi, Sn, Mo, W, Be, Th, Nb, La, Ce, Nd, Tb, and Yb are present in
anomalous concentrations in concentrate samples. Rock samples have anomalous concentrations
of Cu, Mn, Ag, As, Pb, Co, Sn, Zn, Ba, Bi, Mo, B, Nb, Nd, Tb, Yb, Ce, and Dy. NURE
samples contain anomalous concentrations of La, Sm, and Eu. The area is only mildly to
moderately anomalous from a geochemical standpoint because, although many elements are present
in anomalous concentrations, they are generally weakly anomalous or else a small proportion of
samples from the area have anomalous concentrations of a given element. Porphyry Cu-Mo,
polymetallic veins and replacements, and REE-Th-Nb-bearing pegmatites are possible deposit
types based on the available geochemistry. There are only a small number of mineral occurrences
in the Granite Mountains area (pl. 2). These include two polymetallic veins, one iron skarn, and
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one gold-silver quartz-pyrite vein--all widely separated from one another and not showing any
apparent zonal relations. Moreover, most of the exposed granitoid rocks in the Granite Mountains
area are not altered visibly at the surface.

Van Winkle Mountain

Van Winkle Mountain, near the south-central edge of the EMNSA, is largely Miocene airfall
tuff and lava flows (pl. 1). Miocene tuff breccia and Cretaceous monzogranite make-up small parts
of the area. The only samples from the area shown as Van Winkle Mountain on figure 23 are two
NURE samples. Lanthanum is the only element present in anomalous concentrations. The area is
geochemically weakly anomalous, based on limited information. There are three mineral
occurrences known in the area of Van Winkle Mountain (pl. 2). Only one of these has sufficient
data available upon which to make a deposit-type classification, and that one occurrence has been
classified as a polymetallic fault that cuts Miocene air-fall tuff and lava flows (map unit Tal, pl. 1).

Grotto Hills

The larger of the Grotto Hills, in Lanfair Valley in the east-central part of the EMNSA, is
composed of Miocene shallow intrusive rocks and rhyolite, basalt, and dacite that crop out in an
area of about 6 km2 (pl. 1). The smaller, western hills are Cambrian dolomite and Devonian to
Permian limestone in an area of about 0.5 km2. Stream-sediment samples from the Grotto Hills
contain anomalous concentrations of Ag, Zn, and Mo. Concentrate samples contain anomalous
concentrations of Cu, Mn, Zn, Co, and Mo. No rock samples were collected in the Grotto Hills.
NURE samples from the area do not have anomalous concentrations of any element. Possible
types of occurrences are polymetallic veins and replacements. The area is geochemically weakly
anomalous. There are no mineral occurrences known in the Grotto Hills (pl. 2).

Pinto Mountain

Pinto Mountain is underlain mainly by Miocene rhyolite ash-flow tuff, but a small area of
Cretaceous Mid Hills Adamellite of Beckerman and others (1982) is also present (pl. 1). The only
anomalous concentrations from Pinto Mountain are Mo in concentrate samples and Eu in NURE
samples. No rock samples in the RASS and PLUTO data bases were collected from the area. The
area is not geochemically anomalous. There are no mineral occurrences known in the immediate
area of Pinto Mountain (pl. 2).
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Table Mountain

Most of the Table Mountain area is Cretaceous granitoid rocks with small areas of Early
Proterozoic granitoid rocks and Tertiary tuff (pl. 1). Zinc and Mo are present in anomalous
concentrations in stream-sediment samples from Table Mountain. Concentrate samples contain
anomalous concentrations of Ag. Rock samples contain anomalous concentrations of Cu, Pb, Ag,
Sb, Sn, and Mo. NURE samples contain anomalous concentrations of Th, La, Ce, and Dy. The
area is geochemically mildly anomalous. Possible deposit types suggested by the geochemical
results include polymetallic veins and REE-Th-bearing pegmatites. Three mineral occurrences are
present in the area of Table Mountain, and they consist of two polymetallic vein systems and one
polymetallic fault (pl. 2), one of which is the site of an analyzed rock that contains more than 500
ppb gold (pl. 6; U.S. Bureau of Mines, 1990a).

Woods Mountains

Bedrock of the Woods Mountains is dominated by Miocene rhyolite ash-flows and domes (pl.
1). Lesser areas of bedrock are composed of Miocene rhyolite lava flow and basalt flows. No
rock samples represent the Woods Mountains in the data sets examined. Silver and La in
concentrate samples, and Dy in NURE samples are the only anomalous element concentrations.
The area is geochemically weakly anomalous. There are no metallic mineral occurrences known in
the Woods Mountains area (pl. 2; U.S. Bureau of Mines, 1990a).

Hackberry Mountain

Bedrock of Hackberry Mountain, in the east-central part of the EMNSA, is mostly Miocene
volcanic rocks of rhyolite, basalt, and dacite (pl. 2). A small area of Early Proterozoic gneiss and
granitoid rocks is also present. Stream-sediment samples from Hackberry Mountain contain
anomalous concentrations of Ba. Concentrate samples have anomalous concentrations of Mn, Ag,
Zn, Ba, and Mo. NURE samples contain anomalous concentrations of Ce, Eu, and Dy. No rock
samples were collected. The area is geochemically mildly anomalous. Possible deposit types are
polymetallic vein and faults, and REE-bearing pegmatite. Seven of 16 mineral occurrences known
in the area of Hackberry Mountain have been classified as polymetallic fault (pl. 2). Most of these
seven polymetallic faults are concentrated in a northeast-trending zone along the southeast flank of
Hackberry Mountain. Analyses of mineralized rock from the seven polymetallic faults all contain
less than 500 ppb gold (pl. 6; U.S. Bureau of Mines, 1990a). One sample from a locality
classified as a polymetallic vein (U.S. Bureau of Mines, 1990a, map no. 600, pl. 1), however,
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does contain more than 500 ppb gold. This particular locality is well south of the locus of most
recent exploration activities by private industry (Gottleib and Friberg, 1984). These activities
center on widely dispersed silicification in the general area of the seven polymetallic faults
described above. In addition, these seven occurrences coincide with (1) a magnetic low (pl. 5)
suggestive of demagnetization resulting from hydrothermal alteration, and with (2) a coincident
limonite and alteration anomaly detected by our analysis of the thematic mapper image (fig. 10; see
above).

Our field examinations reveal the presence of abundant silicification along the southeast flank
of Hackberry Mountain but none of this silicification apparently is comparable to the intensity of
the pervasive silicification and stockwork veining described below in the general area of the Hart
Mine. Most of the silicification at Hackberry Mountain is present in rhyolite flows or densely
welded ash flows. In addition, there is pervasive bleaching of these rocks in association with the
argillic alteration confined mostly along a northeast-trending zone on the southeast flank where the
polymetallic faults are present. Our use of the term polymetallic to describe these mineralized faults
is based primarily on the presence of elevated abundances of lead, arsenic, antimony, and some
zinc in them. Approximately 3,800 1b production of lead is credited to the Dewey Mine, one of the
seven occurrences classified as a polymetallic fault (U.S. Bureau of Mines, 1990a). Furthermore,
Gottlieb and Friberg (1984) describe results of exploration activities as follows: ***. .. The
Hackberry Mountain prospect is a late Tertiary disseminated precious metal deposit hosted by
rthyolites and ash-flow tuffs. Geochemical and lithologic logging of four drill holes down to 900 ft
show an upper unaltered zone down to 200 ft with occasional native Au in hematite-replaced
sanidine. An altered zone extends to 800 ft, and an unaltered zone extends from 800 to 900 ft.
The altered zone is mainly ash-flows and the unaltered zones are mainly rhyolite lava flows.

Surface and drill hole samples [in the Hackberry Mountain prospect] show varying degrees of
alteration and mineralization. The ore consists of fine grained native Au surrounded by bladed
stibnite, chalcedony and hematite. Argillic alteration is dominant, with lesser amounts of
silicification. In the argillically altered rock the phenocrysts are altered to clay minerals, and the
groundmass, which had devitrified to quartz and potassium feldspar prior to alteration, remains
fresh. Silicified rocks are altered to quartz plus Fe and Mn oxides. Major element chemistry
indicates Si and Mn increase in altered rocks, Al, Fe, and K remain constant, and Mg, Ti, Na, and
Ca decrease. Ca is the best indicator of alteration. Minor element chemistry shows that Zn
increases with alteration, Ba, Cr, and V remain constant, and Sr decreases. Sr, believed to be
contained in plagioclase, is an accurate indication of alteration whereas Ba, contained in the more
stable sanidine was not mobilized. Trace elements La, Y, and Yb remain constant with respect to
alteration. Au varies from 0.001 to 0.088 oz/ton . . .¥**
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Vontrigger Hills

Bedrock of the Vontrigger Hills in the southeast part of the EMNSA is mostly Early
Proterozoic younger granitoid rocks, between 1,660 and 1,695 Ma, and migmatite (pl. 1). Small
areas of Miocene volcanic rocks and Cretaceous granitoid rocks are found mainly in the western
part of the area. Stream-sediment samples from the Vontrigger Hills do not contain anomalous
concentrations of any elements and NURE samples have anomalous concentrations of only Eu.
However, concentrate and rock samples have anomalous concentrations of many elements.
Concentrate samples have anomalous concentrations of Cu, Mn, Ag, Zn, Ba, Mo, Nb, La, Ce,
and Yb. Rock samples have anomalous concentrations of Cu, Mn, Pb, Zn, Ag, Sb, As, Bi, Mo,
Be, B, and Nb. Therefore, the area is geochemically moderately anomalous overall. Possible
deposit types include porphyry Cu-Mo, polymetallic veins and replacement bodies, and REE-Nb-
bearing pegmatites.

Six mineral occurrences in the Vontrigger Hills include three polymetallic veins, two low-
sulfide gold-quartz veins, and one polymetallic fault (pl. 2). All occurrences are far removed from
the Cretaceous granitoid that crops out near the southwest end of the Vontrigger Hills (pl. 1), and
all the occurrences are hosted by Early Proterozoic younger granitoids. Although the mineral
occurrences are each represented by a single symbol on the map showing distribution of deposit
types (pl. 2), mineralization is extremely widespread at some of the localities such as that in the
general area of the Rattlesnake Mine (U.S. Bureau of Mines, 1990a, map no. 592, pl. 1). Near
the Rattlesnake Mine main workings, there are numerous prospect pits, shafts, and a partially
reclaimed open cut, approximately 100 m wide, that apparently all follow favorable indications of
gold mineralization of various attitudes and types in an area of about 3 km2. Much of the gold
mineralization initially exploited at the Rattlesnake Mine, classified as polymetallic veins, is along a
10-m-wide zone of intensely silicified and highly fractured, foliated Early Proterozoic younger
granitoid rock. This mineralized zone has a strike of about N. 70° W., and is present at the
northern edge of what appears to be a porphyritic monzogranite of undetermined extent and not
shown on plate 1. In addition, there are numerous unmineralized porphyritic granite dikes,
containing potassium feldspar phenocrysts, that cut the Early Proterozoic younger granitoid rock.
In the general area of the open cut, the mineralization apparently exploited consists of gold-bearing
quartz veins that are hosted by Early Proterozoic younger granitoid rock.

At the True Blue Mine, near the Bobcat Hills part of the area at the Vontrigger Hills (U.S.
Bureau of Mines, 1990a, map no. 588, pl. 1), discontinuous, narrow stringers of vein quartz in
places partly fill open cavities developed in Early Proterozoic younger granitoid rock and
elsewhere. The open cavities are lined by chrysocolla, azurite, and iron oxide that replace pyrite.
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Typically these veins are 1 to 2 cm wide and approximately 10 to 16 cm long; they cut the foliation
in the surrounding Early Proterozoic younger granitoid rock at high angles.

Piute Range

The southern part of the Piute Range is dominated by Cretaceous granitoid rocks, but also
contains substantial areas of Early Proterozoic younger granitoid rocks and Miocene basalt flows
(pL. 1). The middle and northern parts of the range are almost exclusively Miocene dacite to
andesite flows, domes, and breccias, but also contain small areas of underlying Middle Proterozoic
granitoid rocks, Miocene welded ash-flow tuff, and Early Proterozoic younger granitoid rocks.
Stream-sediment samples from the southern and middle parts of the Piute Range contain
anomalous concentrations of Zn, Co, Mo, Be, and B. Stream-sediment samples from the northern
part of the range do not have anomalous concentrations of any element. Concentrate samples from
the southern and middle parts of the range have anomalous concentrations of Cu, Pb, Zn, Ag, Ba,
B, Bi, Sn, W, Be, Mo, La, Sm, and Tb. Rock samples from the southern part of the range
contain anomalous concentrations of Cu, Pb, Ag, Zn, Au, Sb, Bi, Mo, and W. NURE samples
from the southern part of the range have anomalous concentrations of Th. Rock and concentrate
samples from the northern part of the range contain anomalous concentrations of Be. Concentrate
samples from the northern part of the range also have anomalous concentrations of Sn. NURE
samples from the north part of the range contain anomalous concentrations of La, Ce, Lu, Sm, Eu,
Yb and Dy. Overall, the Piute Range is geochemically moderately to highly anomalous. Possible
deposit types include porphyry Cu-Mo, polymetallic veins and replacement bodies, disseminated
Au, and REE-bearing carbonatite or pegmatite. There are no mineral occurrences reported by the
U.S. Bureau of Mines (1990a) in the northern and central part of the Piute Range. Much of this
part of the range includes relatively thick sequences of Miocene dacite to andesite flows, domes
and breccias (pl. 1). However, there are numerous prospects and previously mined areas in the
southern part of the range, particularly to the west-northwest of Signal Hill and to the east-
northeast of Billie Mountain (pl. 2). This area is known as Tungsten Flat or the Signal Hill Mining
District and includes only a small number of tungsten vein localities and several polymetallic vein
localities plotted on the deposit-type map. However, the overall concentration of prospects and
other workings of various types is extensively developed in an area of about 6 to 7 km? that
contains widespread exposure of Cretaceous granitoid rock. Wolframite-bearing quartz veins
typically are 1 to 2 m wide, strike N. 20° W., and dip steeply to the northeast; these veins are
concentrated mostly in the northern part of the district. They are generally discontinous and have
been extensively explored along strike lengths as much as 100 m. Secondary copper minerals are
common in many of the workings. Intense clay alteration is confined to rocks generally within 5 to
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7 m adjacent to the veins. The Leiser Ray Mine, near the south end of the mining district shows
elevated abundances of galena and chalcopyrite relative to occurrences at the north end of the
district, and is a polymetallic vein-type occurrence that has a past production of 15,130 1b copper,
1,660 1b lead, 1,178 oz silver, and 26.69 oz gold (U.S. Bureau of Mines, 1990a). The main vein
at the Leiser Ray Mine probably was discovered prior to 1891 (Hewett, 1956). The metal zonation
in the Tungsten Flat Mining District seems to show polymetallic on the south, including mostly
silver at the Leiser Ray Mine, distal to tungsten on the north. Hewett (1956, pl. 2) shows that the
mineralization in the Tungsten Flat Mining District lies astride the projected east-northeast trend of
the hinge line of the Piute anticline.

Castle Mountains

Bedrock of the Castle Mountains is mainly Miocene dacite and rhyolite in the form of shallow
intrusions and extrusive domes, flows, and breccia (pl. 1). Smaller areas of bedrock are
composed of Early Proterozoic migmatite, Miocene basalt and andesite lava flows and rhyolite ash-
flow tuffs. Stream-sediment samples from the Castle Mountains contain anomalous concentrations
of Mn, Pb, Zn, Co, and Mo. Concentrate samples have anomalous concentrations of Cu, Mn,
Zn, Ba, Co, Bi, Mo, B, Th, La, Ce, Nd, Sm, Eu, Yb, and Dy. Manganese, Ag, Sb, Pb, Ba, Mo,
Be, B, Nb, Ce, Eu and Tb are present in anomalous concentrations in rock samples. NURE
samples contain anomalous concentrations of Dy and Eu. The Castle Mountains are geochemically
moderately to highly anomalous. Possible deposit types include porphyry Cu-Mo, polymetallic
vein and replacement bodies, disseminated Au, and REE-Th-Nb-bearing carbonatite and pegmatite.
The Castle Mountains include the economically significant epithermal quartz-alunite, quartz-
adularia gold deposits at the Hart Mine, hosted by Tertiary volcanic rocks (pls. 1, 2). As we
describe below, these deposits constitute one of the largest economic reserves of mineable gold
known to date in southern California.

Homer Mountain

Bedrock of Homer Mountain, at the east edge of the EMNSA, is composed of Early
Proterozoic granitoid rocks (pl. 1). Stream-sediment samples from Homer Mountain contain
anomalous concentrations of Ag, Zn, Mo, Be, and B. Concentrate samples have anomalous
concentrations of Zn, Sn, and Mo. The only element present in anomalous concentrations in rock
samples is Nb. NURE samples have anomalous concentrations of Lu, Sm, Eu and Dy. The area
is geochemically mildly anomalous. Possible deposit types include polymetallic vein and REE-Nb-
bearing pegmatite. Inasmuch as the area of Homer Mountain is outside the EMNSA, we have not
included discussion of its mineral occurrences.
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U.S. Bureau of Mines Data Base

Assembly of Data Base

In this section of this report, we examine some of the metallic mineral-resource implications of
geochemical data obtained by the U.S. Bureau of Mines (1990a, table 2A and B) on 1,050 rocks
analyzed from the EMNSA. These rock samples are classified as chip, random chip, grab, and
select by the U.S. Bureau of Mines (1990a, table A-1). The chip samples, those rock chips taken
in a regular series continuously along a line across a mineralized zone or other exposure, contain
the most information for determination of the presence or absence of metal concentrations in a
volume of rock. Select samples, those pieces of rock generally judged to be most representative of
the best mineralized parts of a mineralized vein or exposure, are typically used as a first
approximation to determine the presence or absence of a particular minor metal or metals in a
mineralized system; for example, gold in a sample of sulfidized skarn. Most of these rock samples
are from mineralized occurrences known within the EMNSA; approximately 98 percent of the rock
samples can be assigned to mineralized sites, or their immediate vicinity, classified by us as
belonging to a particular type of deposit model (table 8). As such, the analyses that compose this
data base provide sampling across the EMNSA of many of the various types of mineral deposits
which are known to be present there. These samples yield data that can be used to determine local
geochemical thresholds to be expected for various metals and suites of metals present in various
systems, to determine zonal relations of metals among genetically linked types of deposits, and to
determine metal associations in variously grouped samples of the data base. Most samples that
make-up the data base are from the mesothermal environment which is widespread in the EMNSA
(see above). Only seven samples of the 1,050 in the data base are from sites that have been
assigned by us as belonging to an epithermal, quartz-alunite or quartz-adularia, gold-type system
that is volcanic-hosted and Tertiary in age. The overwhelming bulk of the samples are associated
with Mesozoic metallogenic environments. However, the data base does not include any samples
from the Providence Mountains in the south-central part of the EMNSA (pl. 6). As described
above, these mountains contain some of the most widely distributed and intensely concentrated
mineral occurrences, mined and unmined (U.S. Bureau of Mines, 1990a), in the EMNSA. In the
Providence Mountains, there are approximately 200 mineralized sites that have been examined and
described by the U.S. Bureau of Mines (1990a; Moyle and others, 1986) and by the U.S.
Geological Survey and the U.S. Bureau of Mines (Goldfarb and others, 1988) in an area of about
250 km2. Most of these mineralized sites are polymetallic veins (pl. 2). In the Providence
Mountains Wilderness Study Area, past production has been recorded from 13 nonferrous metallic
lode deposits, with the largest production from the Bonanza King Mine during 1901-1960
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(Goldfarb and others, 1988, table 1). The Bonanza King Mine yielded 5,302+ tons of ore that
included 56.57 oz gold, 82,272 oz silver, 913 1b copper, 69,275 1b lead, and 2,312 1b zinc.
Production recorded from the remaining 12 mines is minimal. The Vulcan Mine produced 2.6
million tons iron ore from an iron skarn from 1942 to 1947 (Goldfarb and others, 1988; Moyle and
others, 1986). The distribution of the sampling sites is an important point that must be kept in
mind during the discussion below of various subsets of the data base.

Although the report by the U.S. Bureau of Mines (1990a) includes analyses for 33 elements,
we have selected 20 elements (Au, Ag, As, Ba, Ce, Co, Cr, Cs, Fe, La, Mo, Ni, Sb, Sc, Sm, Ta,
Th, U, W, and Zn) upon which to base our statistical calculations described below. These studies
are primarily an attempt to determine elemental associations in the sampled mineral deposits and
mineral occurrences. One cannot make any inference about sizes of known or unknown deposits
from the presence of a particular element, regardless of its concentration and its association with
other elements, in a small number of samples from a site. As noted by Barton (1986), "the
presence of a given element seldom if ever proves the existence of an ore deposit." As indicated in
table 9, many of the 20 elements selected include large numbers of undetermined concentrations;
primarily the undetermined values of elemental concentration are less than some threshold. In fact,
detection thresholds for individual elements vary highly among the samples for many of the
reported analyses. For example, there are 56 different detection thresholds for gold in the <2 to
<49,000 ppb range. However, 158 of 253 samples reported as containing gold concentrations at
less-than-detection thresholds have a detection threshold of 2 ppb. In order to (1) study elemental
inter-relations in the 20 element-by-1,050 rock matrix, and (2) maximize the number of samples
for which there are supposedly valid values available, we substituted each concentration reported
as "less-than" a particular value with a concentration that is 50 percent of the value of the most
sensitive detection level for the entire data base. A completely filled matrix is required for sampling
adequacy by some of the correlation techniques using principal components factor analysis we
describe below. Following the procedures outlined above, we were able to assemble a completely
filled composite 20-element-by-1,050-sample geochemical matrix. Only one "greater than" value
was substituted from the raw data reported by the U.S. Bureau of Mines (1990a). This reported
concentration, >10,000 ppm arsenic, was substituted with a value of 10,000 ppm arsenic in the
geochemical matrix we composited.

Some important elements from an economic resource standpoint, such as copper and lead, are
present in a wide variety of geologic environments in the EMNSA but are judged not to be suitably
represented in the raw data matrix. Such a judgment reflects primarily the large number of samples
for which there are unreported concentrations for these elements. Among the 1,050 rock samples,
copper concentrations are not available for 485 samples (U.S. Bureau of Mines, 1990a). In
addition, another 113 samples show copper concentrations in excess of the uppermost reporting
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limit (10,000 ppm). With regard to lead, 563 samples show no reported values, and 76 samples
contain lead concentrations higher than the uppermost reporting limit (10,000 ppm). Therefore,
we do not examine copper or lead relations to the 20 elements listed above.

Some of the elements we chose to include in the matrix, nonetheless, do show a high
percentage of "less than" values relative to the 1,050 rock samples analyzed. Included among
these are the following elements, with the number of "less thans" shown paranthetically after each
element: silver (481), cerium (402), cobalt (642), cesium (549), nickel (801), tantalum (687), and
zinc (477). However, a very high percentage of the reported "less than" concentrations in the raw
geochemical data matrix (U.S. Bureau of Mines, 1990z, table 2A and B) for each of the seven
elements above are at the most sensitive detection threshold. For example, detection thresholds are
2 ppm silver for 468 of the 481 analyses shown on table 9 as having a "less than" value in the raw
data matrix. Therefore, a replacement value of 1 ppm silver for each of the 481 analyses should
not distort the resulting matrix significantly. In addition, the presence of cobalt, currently a metal
considered to have strategic importance, in highly anomalous concentrations at several localities in
the EMNSA (U.S. Bureau of Mines, 1990a), is considered by us to be fairly important from a
geochemical standpoint and we chose to examine its relations to other elements and to type of
deposit in the EMNSA even though "less than" concentrations are more than 60 percent of the total
number of cobalt concentrations reported (table 9; U.S. Bureau of Mines, 1990a). The most
sensitive detection threshold for cobalt was 5 ppm, and 609 of the 642 "less than" values are
reported to be <5 ppm (U.S. Bureau of Mines, 1990a).

Frequency Distributions of Elements

Frequency distributions of the untransformed geochemical data obtained by the U.S. Bureau of
Mines (1990a, table 2A and B) are strongly skewed positively; that is, the most frequently
occurring values are in the lowermost ranges of the reported concentrations with long "tails" in
distribution of elemental concentrations toward high values. They are thus strongly nonnormal in
overall distribution. To perform standard statistical calculations, the geochemical data in the
composited 20 element-by-1,050 sample matrix were transformed by common logarithms to
approximate thereby a closer fit to lognormality. Figure 48 shows frequency diagrams for the
transformed data of the 20 elements. We should emphasize again that these data represent samples
obtained from a wide variety of geologic environments and types of deposits in the EMNSA
outside the general area of the Providence Mountains (see above). Somewhat more deposit-type
specific relations among elemental suites are included below in the descriptions of several of the
deposits present in the EMNSA. Tests of kurtosis and skewness values (table 9), frequently used
measures of goodness-of-fit for normality, at the 95 percent confidence level show all 20 of the
elemental distributions tested in the log-transformed data set deviate from lognormality. Positive
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values of skewness indicate that the right "tail" of the distribution is longer than the left "tail"”, as is
also readily apparent in the plotted histograms (fig. 48). Kurtosis refers to relationships among the
peak, the center, and the tails of a distribution; for example, a deviation from normality that might
be due to an extremely flat peak with relatively flat tails. A zero value of both kurtosis and
skewness indicates a distribution that is normal. Among the 20 elements tested, visual inspection
of the log-transformed distributions for iron and uranium show them to have the closest
approaches to normality; antimony also approaches a normal distribution (fig. 48). Certainly, the
fact that the original data represent a compositing of geochemical information from a wide variety
of deposit types that show wide-ranging concentrations of elements together with a censoring of
the data for many elements because of thresholds of detection higher than the actual distribution, all
have contributed to yield the elemental distributions found. Nonetheless, distribution of gold
values in the geochemical data matrix shows that approximately 200 of the 1,050 rocks analyzed
from the EMNSA by the U.S. Bureau of Mines (1990a) include concentrations of gold higher
than, or equal to, SO0 ppb--a value considered by many exploration geologists as suggestive for
ensuing evaluations in mesothermal geologic environments (see above). Similar conclusions were
reached by the U.S. Bureau of Mines (1990a). In light of questions that might be raised
concerning correlation calculations employing statistical methods that require normal distributions
in the sampled population, nonparametric Spearman correlations were calculated below for the 20
elements transformed by logarithms to the base 10.

The distribution of concentrations of gold, silver, arsenic, antimony, molybdenum, and zinc in
the 20-element-by-1,050 rock matrix by deposit type for 12 of the 20 types of deposit we
recognize in the EMNSA is shown graphically on figure 49A-E. Most of the samples that show
elevated concentrations of gold are from mineralized occurrences classified as polymetallic vein,
polymetallic fault, and gold-silver, quartz-pyrite vein (fig. 49A). The number of samples analyzed
for each of these three types of deposits are 286, 75, and 97, respectively. Silver is concentrated
especially in the silver-copper brecciated dolostone type of vein occurrence that is distal to, and
related genetically to, emplacement of the gold breccia pipes at the Colosseum Mine (fig. 49B;
Sharp, 1984; see below). Arsenic apparently is most strongly concentrated in polymetallic veins,
and to a somewhat lesser degree, in the polymetallic replacement deposits (fig. 49C).
Concentrations of high values of antimony in the data base commonly are in silver-copper
brecciated dolostone, lead-zinc skarn, and, much less so, polymetallic vein (fig. 49D). However,
we have only seven analyses available from the lead-zinc skarn environment. High values of
molybdenum are present in polymetallic veins, polymetallic replacement, and in two of the three
samples analyzed from the known stockwork molybdenum Big Hunch system in the EMNSA.
Additional analyses of rock from the Big Hunch system are reported below in the section
describing the mineralization there in somewhat greater detail. Furthermore, as we noted above,
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the U.S. Bureau of Mines (1990a) data base we refer to in this part of the report does not include
samples from the Providence Mountains that have been demonstrated to show some elevated
abundances of molybdenum at Globe Wash (see above; Moyle and others, 1986). Lastly, high
concentrations of zinc are fairly common in the 20-element-by-1,050 rock geochemical matrix in
those samples obtained from the polymetallic replacement occurrences, polymetallic veins, and
copper skarns (fig. 49E).

Nonparametric Correlations

A nonparametric correlation statistic for all trace-element pairs available for the 20-element data
set was calculated as Spearman's r (Davis, 1986), where r=1 - [6):1(RX-RY)2 / (n(nz-l)], and RX
and RY are the two sets of rankings with n being the number of trace-element pairs. Each value is
ranked and corrections made for tied observations. Results of the calculation for r are given in
table 10, and scatter plots for gold compared with silver and iron are given in figure S0A-B. Gold
shows the strongest positive Spearman correlation coefficients for silver and iron, 0.323 and 0.319
respectively in the 1,050-sample data base. Such relatively reduced values of Spearman correlation
coefficients for gold to other elements in the data set are probably a result of the presence of gold in
a large number of types of deposits in the EMNSA as described above. Gold is known to be
present in the following types of deposit in the EMNSA (table 8): polymetallic vein; low sulfide,
Au-quartz vein; polymetallic replacement; polymetallic replacement; distal disseminated Au-Ag; Au-
breccia pipe; Ag-Cu brecciated dolostone; Ag-Ag, quartz-pyrite vein; polymetallic fault;
polymetallic skarn; W skarn; Sn(W) skarn; and Cu skarn. Gold shows a somewhat enhanced
association for silver, 0.4 Spearman correlation coefficients in a 97-sample subset composited
from 47 localities of gold-silver quartz-pyrite vein occurrences in the EMNSA. A stepwise
regression analysis (Davis, 1986) shows that only about 10 percent of the variance in the log
values of gold can be predicted from the log values of iron alone in the 1,050-sample data base.
Similarly, stepwise regression analysis including log values for silver, barium, chromium, iron,
antimony, scandium, tantalum, and uranium accounts for about 31 percent of the variance of the
log values of gold in the 1,050-sample data base--reflecting primarily the geologic inhomogeniety
of the data. Plots showing strong, positive associations between element pairs in the data set are
exemplified by samarium-lanthanum (0.896), antimony-silver (0.552), and iron-cobalt (0.691);
values of the correlation coefficients are shown paranthetically (fig. SOC-E; table 10). Finally, a
plot of barium versus uranium provides an example of an elemental association in the 1,050-
sample data set that is extremely weak (fig. SOE; 0.001 Spearman correlation coefficient, table 10).
In all of these plots (fig. 50), most of the samples for which we substituted values at the detection
threshold are readily apparent.
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Associations Using Factor Analysis

Principal components factor analysis, another multivariate statistical approach (Klovan, 1968;
Davis, 1986), was used in an attempt to detect additional, geologically significant elemental
associations that may not have been resolved through the use of correlation coefficients. Our
preliminary tests involved utilization of various other standard manipulations of the 20 element-by-
1,050 sample data set as we described above (table 9). Based upon our knowledge of the geologic
environments sampled in the EMNSA, we concluded that the data set should primarily reflect
contributions from the Proterozoic environment and the Mesozoic mesothermal environment. A
simple factor analysis using two factors provides the following high loadings for the geochemical
data:

Factor 1: Ce, Th, Sc, Sm, Cs, Ta, Ba
Factor 2: Fe, Co, Zn, U

Factor 2 in this simple model also includes some moderate loadings for gold, arsenic,
molybdenum and nickel. Therefore, in an attempt to resolve further the elemental associations
masked by the simple two-factor model, we examined the data set using more than two factors. Of
the options attempted, a relatively complex factor analysis using eight factors provides a
geologically reasonable discrimination of the variances among the geochemical data. The R-mode
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